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Three-nucleon forces (3NFs) play an important role for various nuclear phenomena. In
the study of the deuteron-proton (d-p) scattering, clear evidence of the 3NF effects were
found at the cross section minimum. In recent years, much attention has been devoted
to the 3NF effects in a system of 4N -scattering, e.g. p-3He scattering. The system is the
simplest one for investigating nuclear interactions in the 3N subsystems with the total
isospin T = 3/2. For the purpose of pinning down signatures of 3NFs in comparison
with the rigorous numerical 4N calculations, we performed the measurements of p-3He
elastic scattering at intermediate energies; the measurement of cross section and proton
analyzing power Ay at 65 MeV, and the measurement of the proton analyzing power Ay,
3He analyzing power A0y, and the spin correlation coefficient Cy,y at 100 MeV.
The measurement of the cross section and the proton analyzing power Ay at 65 MeV
was performed using a polarized proton beam and a gaseous 3He target system at the WS
beamline of the Ring Cyclotron Facility of RCNP, Osaka University. The data were taken
in a wide angular range of θc.m. = 26.9
◦–170.1◦. For the cross section the statistical error
is better than ± 2 % and the systematic uncertainties are estimated to be 3 % at most.
For the proton analyzing power Ay, the statistical uncertainties were 0.02 or less and the
systematic uncertainties were 0.02 at most.
In order to extend the measurements to the spin observables including the spin cor-
relation coefficient, we have developed the polarized 3He target system. We constructed
a polarized 3He target cell based on AH-SEOP method. The 3He target polarization was
determined with an accuracy of 6.2 % and the maximum 3He polarization was 40 %.
The measurement of the spin correlation coefficient Cy,y as well as the proton and
3He analyzing powers at 100 MeV was performed at the ENN beamline of RCNP. We
newly installed the polarized 3He target and detector system as well as the beam line
polarimeter for this experiment. We obtained the experimental data in a wide angular
range of θc.m. = 46.9
◦–149.2◦. For the proton analyzing power Ay and the
3He analyzing
power A0y, the statistical uncertainties are less than 0.02 and 0.03, respectively. The
systematic uncertainties are estimated to be 0.02 or less for both the analyzing poewrs. For
the spin correlation coefficient Cy,y, the statistical uncertainties vary 0.01–0.06 depending
on the measured angles, and the systematic errors do not exceed the statistical ones for
almost the measured angles.
i
The obtained results were compared to the rigorous 4N -scattering calculations based
on the realistic nucleon-nucleon (NN) potentials and a model with ∆-isobar excitation.
Clear discrepancies have been found for some of the measured observables, especially in the
angular regime around the cross section minimum. Theoretical predictions using scaling
relations between the calculated cross section and the 3He binding energy are not successful
to reproduce the data. Large sensitivity found in the calculated cross sections for the NN
potentials and rather small ∆-isobar effects in the cross section are noticed as different
features from those in the d-p elastic scattering. For the spin correlation coefficient Cy,y a
large ∆-isobar effects are predicted. The angular dependencies of the experimental data
for the Cy,y at 100 MeV are mostly explained by taking into ∆-isobar effects. These results
indicate that the spin correlation coefficient Cy,y is a prominent observable to investigate
the ∆-isobar effects in p-3He elastic scattering.
From the obtained results we conclude that the p-3He elastic scattering at intermediate
energies is an excellent tool to explore the nuclear interactions including 3NFs that could
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One of the most important topics in nuclear physics is to understand properties of nuclei
from the bare nuclear interactions. Three-nucleon forces (3NFs) have been an important
concept in the study of the nuclear force, and it is essential for the description of various
nuclear phenomena. To investigate the properties of the nuclear interactions including the
3NFs, we performed few-nucleon scattering experiments. In this chapter, we describe an
overview of studies for the nuclear force, the properties of the realistic Nucleon-Nucleon
(NN) potentials, and the importance of 3NFs. Then, we explain the purpose of our
research.
1.1 Nucleon-Nucleon Interaction
Nuclear force is a fundamental interaction which acts between nucleons (protons and neu-
trons). The nucleons are affected by the nuclear force and form a nucleus, which is self-
bound system with a size of around 10−15 m. The theoretical description of the nuclear
force was first introduced by Yukawa in 1935 regarding exchange of a massive particle [1].
From the expected range of nuclear forces of about 2 fm, he predicted that this massive
particle, called “meson” later on, had a mass 2 × 102 times as large as the electron mass.
Therefore, the nuclear force was firstly described as a two-nucleon force (2NF). In 1947,
the meson, the charged π-meson, was discovered in cosmic ray [2]. Later, heavy mesons
such as ρ- and ω- mesons were found with the development of accelerator facilities in the
1960’s.
In 1951, Taketani, Nakamura, and Sasaki suggested to subdivide the nuclear force into
three regions [3]. Fig. 1.1 shows the schematic figure of nuclear interaction as a function
1




Figure 1.1: Schematic figure of the central NN potential. The long-range contribution (I) is
mostly the one-pion exchange. The intermediate-range (II) attraction is described by two-pion
exchanges and other contributions. At short-range (III), the NN interaction is strongly repulsive.
of distance between two nucleons. They distinguished (I) the long-range attractive re-
gion (r ≥ 2 fm), (II) the intermediate-range attractive region (1 ≤ r ≤ 2 fm), and (III)
the short-range repulsive region (r ≤ 1 fm). In 1950’s, the long-range part of the nu-
clear force was established as the one-pion exchange contribution by analyzing deuteron
properties and NN scattering data. In the intermediate-range, the two-pion exchange has
an important role in addition to the heavier meson exchange. In the short-range region,
many different and complicated processes emerge. Thus, the short-range part is usually
expressed phenomenologically. In the 1960’s, the one-boson exchange (OBE) model was
developed after discoveries of heavier mesons than π-meson. The OBE model takes into
account the contributions of heavy-mesons exchanges. This theoretical model succeeded
to describe the experimental NN data quantitatively.
In parallel with this theoretical progress, the experiments of NN (proton-proton and
proton-neutron) scattering were performed at accelerator facilities all over the world. In
the end of 1960’s, the phase shift analysis was carried out by using about 2000 NN data up
to 450 MeV [4]. Nowadays, a number of NN databases are available such as Nijmegen [5],
Granada [6], and SAID [7]. Decades of intensive theoretical and experimental efforts led
to establish realistic NN potentials such as Argonne v18 potential (AV18 [8]), charge-
dependent Bonn potential (CD-Bonn [9]), and Nijmegen potential (Nijmegen I,II [10]) in
2
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1990’s. The calculations based on these realistic NN potentials, typically containing about
40 fitting parameters, can describe a total of 3000 to 4000 high-precision NN scattering
data contained in the Nijmegen database [5] with an accuracy of χ2/data ∼ 1. The realistic
NN potentials also provide an excellent description for the properties of deuterons.
1.1.1 Realistic Nucleon-Nucleon Potentials
These realistic nuclear potentials are common in that they have a repulsive core in short-
range region and are described by one-pion exchange in the long-range region. The param-
eters of each potential are determined to reproduce the experimental data of NN scattering
and the characteristics of deuteron as explained above. We briefly describe the formalism
of realistic NN potentials which are commonly used and appeared in this dissertation:
Argonne, CD-Bonn and INOY potentials below.
Argonne Potential
The Argonne potential is one of the several NN potential models that provides a quantita-
tive description of the experimental NN observables. Argonne v18 (AV18) potential is the
latest version [8]. This potential consists of three parts: the electoro-magnetic (EM) part,
the one-pion exchange (OPE) part, and the intermediate- and short-range phenomenolog-
ical part. Long-range part of the potential is expressed as the sum of the EM and OPE
part. The EM part includes one-, two-photon exchange terms, Darwin-Foldy term, vacuum
polarization, and magnetic moment interaction. The OPE part (vπij) is charge-dependent
and is written as,
vπpp = f
2
NNvπ (mπ0) , (1.1)
vπnp = f
2
NNvπ (mπ0) + (−)T+12f 2NNvπ (mπ±) , (1.2)
vπnn = f
2








mc2 [Yµ(r)σi · σj + Tµ(r)Sij] , (1.4)
where m is the pion mass (mπ0 or mπ±), fNN is the charge independent coupling constant,
T is the total isospin, and ms = mπ± is the scaling mass. Yµ(r) and Tµ(r) are the usual
Yukawa and tensor functions with the exponential cutoff. Applying the scaling mass µ =
3
1.1 Nucleon-Nucleon Interaction Chapter 1























In the intermediate-range part, it is assumed that the contributions of two-pion exchange
are dominant. Thus this part has a square of the tensor function. The short-range phe-
nomenological part is expressed as a Woods-Saxon shaped potential whose parameters are
determined by fitting the data.







In the 18 operator components, Opij , first 14 components are charge-independent:
Op=1,14ij =
[
1, (σi · σj) , Sij, (L · S),L2,L2 (σi · σj) , (L · S)2
]
⊗ [1, (τ i · τ j)] , (1.8)
where σ and τ are the spin and isospin operator, respectively. L is the relative orbital
angular momentum and S is the total spin. Sij is the tensor operator which is expressed
as,
Sij = 3 (σi · r̂ij) (σj · r̂ij) − (σi · σj) . (1.9)
The remaining operators are three charge-dependent terms and one charge-symmetry
breaking term:
Op=15,17ij = [1, (σi · σj) , Sij] ⊗ Tij
Op=18ij = τzi + τzj ,
(1.10)
where Tij is the isotensor operator.
4
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CD-Bonn Potential
The basic idea of Bonn model is based on a field-theoretical meson-exchange model for the
NN interaction below the pion production threshold [11]. The Bonn full model includes
one-boson exchange (OBE). There are essentially three fields; pseudscalar (π, η), scalar
(σ, δ), and vector (ρ, ω) meson fields. The interaction Lagrangians that couple these fields















where ψ denotes the nucleon Dirac spinor field. ϕ(ps), ϕ(s), and ϕ(v) are the pseudoscalar,
scalar and vector boson field, respectively. M is the nucleon mass. g and f are coupling
constants. The contributions to the OBE potential mainly come from the π- and ω-
exchanges. The π-meson essentially provides long-range attractive interaction as well as
tensor force. The ω-meson (3π-resonance with a mass of 783 MeV) is responsible for the
short-range repulsion and spin-orbit interactions. Furthermore, the Bonn model contains















where ψµ is the field operator describing the ∆-isobar. T is the isospin operator and
h.c. denotes hermitian conjugate. The intermediate-range attraction of NN interaction is
mainly provided by the two-pion exchange.
Machleidt et al. have constructed charge-dependent Bonn potential (CD-Bonn) [9]
based upon the philosophy of the Bonn model. It is designed to be used in many-nucleon
systems. The CD-Bonn potential is based upon the OBE model to be energy indepen-
dent. In addition, the charge dependence of the nuclear interaction predicted by the Bonn
model is reproduced accurately by the CD-Bonn potential. In order to inherit multimeson
exchange contributions, CD-Bonn potential introduces two effective σ-mesons, the param-
eters of which are partial-wave dependent. The potential includes all mesons with masses
below the nucleon, i.e., π, ρ (770 MeV), and ω (782 MeV), and two scaler-isoscaler σ
5
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bosons (see Fig. 1.2). The CD-Bonn potential has great success in describing the 5990
NN scattering data which includes the Nijmegen database [5] with χ2/datum = 1.02.
π, ρ, ω, σ1, σ2
Figure 1.2: One-boson exchange Feynman diagram that defines the CD-Bonn NN potential.
INOY Potential
The INOY (Inside Nonlocal Outside Yukawa-tail) potential consists of a local Yukawa tail
at long-range (>3 fm) and phenomenological non-local form at short-range [12, 13]. The
INOY potential was constructed in order to reproduce the experimental values of triton
and 3He binding energies accurately without the 3NF potentials. The full notation of the
partial wave decomposed NN potential is < r(ls)j|V |r′(l′s)j >. For simplicity the indices
nucleon spin s and total angular momentum j are omitted and a shortened form Vll′ with
angular momentum l is used. The full INOY potential Vll′ is described as,
Vll′ (r, r
′) = δ (r − r′) · Fll′(r) · V Yll′ (r) +Wll′ (r, r′) , (1.14)
where Fll′(r) is the cutoff function
Fll′(r) = Θ (r −Rll′)
{




The first term in Eq. (1.14) constitutes the local part with Vll′ (r, r
′) being the same Yukawa





1 + β2l r
2
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where αll′ , Rll′ , and βl are fixed to the values independent of the angular momenta and
x = γr2/
√
1 + γ2r2. The other parameters (al, a
′
l, bll′ , cll′ , zl, z
′
l,) in the potential function
W were determined by fitting the NN phase shifts, the effective-range parameter, the
deuteron properties, and the 3He binding energy [12]. The latest version of the INOY
potential was published in 2004 (INOY04) [13]. It produces the same quality or better
agreement with low- and medium-energy (below 30 MeV) Nd scattering observables (cross
section, and vector and tensor analyzing powers) than the corresponding NN interaction
including 3NF model (AV18 + UIX) [13].
1.2 Three-Nucleon Force
At present, existing 2NF models provide an excellent description of the high-quality
database for the NN scattering and the properties of the deuteron. On the contrary,
it was found that these realistic NN potentials fail to describe the binding energies for
many-nucleon bound systems. For the triton case, an exact solution of the three-nucleon
Faddeev equations employing 2NF potentials, except for the INOY potential, clearly un-
derestimates the experimental binding energy [14]. The results indicate that 2NFs are
not sufficient to give precise descriptions of many-nucleon systems. Accordingly natural
candidates to resolve these discrepancies found in many-nucleon systems are considered to
be three-nucleon forces (3NFs). The existence of 3NFs was first suggested by Wigner in
1933 [15]. He pointed out the significance of 3NFs in the many-nucleon systems. The first
theoretical insight of the 3NFs was introduced by Fujita and Miyazawa in 1957 [16]. They
formulated the 3NF model based on the low momentum expansion of πN scattering. Later
7
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this 3NF model has been interpreted as 2π-exchange 3NF model with the ∆-isobar exci-
tation in an intermediate state which is a component of the πN P -wave scattering. This
3NF model is considered to be a main component of the 3NFs. Most of the present-day
3NFs such as Tucson-Melbourne [17–19] and Urbana IX [20] are based on a refined version
of the Fujita-Miyazawa 3NF model. Figure 1.3 shows a representative Feynman diagram
of the 2π-exchange 3NFs. By introducing the 3NFs, one can reproduce the triton binding
energy (see Table 1.2 in Sec. 1.2.1). We briefly describe the formalism of the representative




Figure 1.3: Two-pion exchange type three-nucleon force.
1.2.1 Three-Nucleon Force Models
Tucson-Melbourne Three-Nucleon Forces
The Tucson-Melbourne (TM) 3NF [17–19] is derived from the low momentum expansion



























a+ bq · q′ + c(q2 + q′2)
]
− d(τ γ3 ϵαβγσ3 · q × q′), (1.19)
where δ function, phase-space factors, etc., are ignored. g is the πN coupling constant.
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mN is the nucleon mass and mπ is the pion mass, respectively. q and q
′ are the incoming







(i) a-term  (ii) b,d-term
Figure 1.4: Visual image of the a, b and d terms of the TM 3NF model. (i) : an example diagram
which describes the S-wave πN scattering. (ii) : the P -wave scattering process (Fujita–Miyazawa
type).
The coefficient parameters a, b, c, and d are determined from the πN scattering data. The
a-term is independent of the pion momenta and describes the πN S-wave scattering. The
b-term and d-term provides the πN P -wave scattering. The main component of πN P -wave
scattering corresponding to the Fujita-Miyazawa type 3NFs. The c-term is considered to
be an unnatural term under the chiral perturbation theory and should not be taken into
account [21]. For the sake of simplicity, the visualised diagrams which corresponds to the
a, b and d terms are shown in Fig. 1.4. These parameters for some representative 3NF
models are summarized in Table 1.1. In the latest version of TM 3NF, which is called the
TM ’99 3NF [22], the contribution of c-term was absorbed into a-term in the definition
of a′ = a− 2m2πc. Thus, c-term has been vanished in TM’99 potential (see Table 1.1).
Table 1.1: Low-energy pion-exchange scattering parameters for various 2π-exchange 3NF models.
The a′-term is defined as a′ = a− 2m2πc in the Tucson–Melbourne’ 3NF model.
Year 3NF model a(a′) [m−1π ] b [m
−3
π ] c [m
−3
π ] d [m
−3
π ] Ref.
1957 Fujita-Miyazawa 0 -1.15 0 -0.29
1979 Tucson-Melbourne 1.13 -2.58 1.0 -0.753 [23]
1999 Tucson-Melbourne’ (-0.87) -2.58 0 -0.753 [23]
1983 Urbana IX 0 -1.20 0 -0.30 [24]
9
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Λ is called the cutoff parameter and is fixed to reproduce the experimental value of the
3H binding energy. Cutoff parameters are introduced to include higher-order contributions
that have not been fully considered. 3NF models essentially needs to incorporate the short-
range interactions due to, e.g., heavier meson-exchanges effect (π-ρ, π-σ, and π-ω) [25].
The calculated results in terms of Faddeev theory for the binding energy of 3H as well as
the cut-off parameter Λ are summarized in Table 1.2.
Table 1.2: Triton binding energies Et predicted by various realistic NN potentials with and
without the TM 3NF. The last column shows the adjusted cutoff parameters Λ in the 3NF
model [14].
Potential Et [MeV] Et [MeV] Λ/mπ
(w/o 3NF) (with 3NF)
CD-Bonn 7.953 8.483 4.856
AV18 7.576 8.479 5.215
Nijm I 7.731 8.480 5.147
Nijm II 7.709 8.477 4.990
Exp. 8.4817986(24) [MeV]
Urbana/Illinois Three-Nucleon Forces
Urbana IX (UIX) model is a realistic 3NF model which consists of the Fujita–Miyazawa
type (πN P -wave scattering) two-pion exchange term and the short-range phenomenolog-

















jk] [τi · τj, τj · τk]
)
, (1.22)
where A2π is the interaction strength. Xij is written with the Yukawa and the tensor
10
1.2 Three-Nucleon Force Chapter 1
function Y (mπr) and T (mπr) respectively, with the cutoff parameter c,































2 (mπrjk) . (1.24)
The parameters for the UIX model are A2π = −0.0293 MeV and U0 = 0.0048 MeV,
respectively. They have been determined by fitting the binding energy of 3H and the
density of nuclear matter in conjunction with the AV18 potential.
The Urbana-Illinois group presented the Illinois model 3NFs [26], which include the
two-pion exchange term due to πN scattering in S-wave (V 2π,SW ) and the 3π exchange
rings with ∆ intermediate states (V 3π,∆R) in addition to the UIX model terms. Thus the































V ∆R3π and VR. In the UIX model, A
PW
2π is denoted by A2π and AR by U0.
The two-pion exchange term of the πN P -wave scattering V PW2π is entirely due to the
excitation of the ∆ resonance as shown in Fig. 1.5 (a), consistent with the idea of Fujita-
Miyazawa type 3NFs. The V SW2π term is caused by πN S-wave scattering illustrated in
Fig. 1.5 (b). The 3π exchange term V ∆R3π is derived from the 3π-exchange ring diagrams
shown in Fig. 1.5 (c) and (d). In the intermediate states, these diagrams have only one
∆-isobar at a time.
The V ∆R3π is approximately obtained as the sum of these two diagrams. The formula of



















































Figure 1.5: 3NF diagrams in the Illinois 3NF model. (a) is the Fujita-Miyazawa type 3NF,
(b) is the two-pion exchange in S-wave, (c) and (d) are 3π ring diagrams with one ∆-isobar in
intermediate states.
where S and A are the operators that are symmetric and antisymmetric under the ex-
change of j and k. Subscripts τ and σ label denote that the operators include isospin and
spin-space parts. While superscripts I and D indicate that operators are dependent or
independent on the cyclic permutation of ijk. The strengths of the terms, independent on
cyclic permutations, are larger than those that depend upon them. Therefore the simpler
V ∆R3π is obtained by neglecting the terms which depend on the cyclic permutation, i.e. with












The V ∆R3π has an interesting dependence on the total isospin Ttot of three interacting nu-
cleons. The SIτ and A
I
τ can be written as,
SIτ = 2 +
2
3








iτi · τj × τk = −
1
6
[τi · τj, τj · τk] . (1.30)
Therefore the first term of V ∆R3π (Eq. (1.27)) is zero in the triplets having Ttot = 1/2, i.e., in
the Nd channel as well as N = 3, 4 bound states. In contrast, AIτ is zero in the Ttot = 3/2
channel. The VR term in the UIX was designed to approximate the repulsive effect.
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1.2.2 Formalism with Explicit ∆-Isobar Excitation
An alternative theoretical description for 3NFs is the extension of purely nucleonic model
to allow the explicit excitation of a nucleon to a ∆-isobar. The Hannover-Lisbon group
applies the ∆-degree of freedom in the three- or four-body system [27, 28] by adding the
∆-isobar explicitly to the nucleonic Hilbert space. The excitation of a nucleon into a single
∆-isobar is described in an extended force model through the coupling of nucleon-nucleon
(NN) isospin triplet partial waves to nucleon-∆-isobar (N∆) channels. The two-baryon
coupled-channel potential is graphically defined in Fig. 1.6. The two-baryon coupled-
channel potential in NN and N∆ space was constructed with the CD-Bonn potential as
a NN part, using a transition potential from a NN state to a N∆ state derived from π-
and ρ-meson exchange. Parameters of the coupled-channel potential are tuned to the NN
phase shifts of the CD-Bonn model [27], therefore, is labeled as CD-Bonn+∆.
The coupled-channel potential generates effective contributions to the two- and three-
nucleon interactions. Characteristic processes are shown in Fig. 1.7. The processes (a) and
(b) in Fig. 1.7 could yield effective 3NFs. The coupled-channel approach has some technical
advantages. It includes π-meson and ρ-meson contributions to the three-nucleon force, and
the exchange currents on the same footing as the two-nucleon interaction. It also accounts
for the ring-type diagrams shown in Fig. 1.5 (c) and (d). It provides similar results for
3N scattering observables to those based on the realistic NN potentials combined with












Figure 1.6: Two-baryon coupled-channel potential. A thin vertical line denotes a nucleon, a thick
vertical line a ∆-isobar, and a dashed horizontal line an instantaneous potential.
correct binding energy of 3N [27]. The effective two-nucleon interaction (diagram (c) in
Fig. 1.7) which due to its energy dependence gets weakened in the nuclear medium and
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yields a rather substantial dispersive effect. Recent work by A. Deltuva and P. U. Sauer
has demonstrated the extension of coupled-channel potential by adding an irreducible
3NF contribution [29]. They choose the UIX 3NF potential as a starting point. The
calculated results based on CD-Bonn, CD-Bonn+∆, and CD-Bonn+∆+U2 which includes
the irreducible 3NF contribution for the 3H binding energy Et and d-p doublet scattering








Figure 1.7: Effective two- and three-nucleon processes generated by the two-baryon coupled-
channel potential. The processes (a) and (b) yield effective 3NFs. The process (c) yields the
two-nucleon dispersive effect.
Table 1.3: Calculation results of triton binding energy Et and n-d doublet scattering length a2 [29].
The calculations are based on CD-Bonn 2N potential, CD-Bonn+∆ coupled-channel potential,
and those including an irreducible 3NF contributions (CD-Bonn+∆+U2). The parameters A2π
and U0 refer to the form of the UIX 3NF potential of Eq. (1.22) and (1.24).
A2π [MeV] U0 [MeV] Et [MeV] a2 [fm]
CD-Bonn 8.004 0.932
CD-Bonn+∆ 8.306 0.695
CD-Bonn+∆+U2 -0.01559 +1.0000 8.482 0.606
Exp. 8.482 0.65 ± 0.04
1.3 Nuclear Forces based on chiral EFT
According to our present understanding, the nuclear forces are due to the residual strong
interactions between color-charge neutral hadrons. The strong interactions are described
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by quantum chromodynamics (QCD). However, it is very difficult to construct the precise
formulation of the nuclear force directly from QCD, since the interaction is strong and
becomes nonperturbative at long distances or low energies. One of the efficient approaches
to describe the nuclear interactions is chiral effective field theory (ChEFT) [30, 31]. The
ChEFT is based on the fundamental symmetry of the QCD (chiral symmetry). The theory
provides most general effective Lagrangian involving all possible terms, such as low-energy
nucleons as well as pions consistent with the spontaneously broken chiral symmetry. Thus
some important physics due to one- and two-pion exchange are essentially included as the
long-range part of nuclear interactions. Another interesting feature is that the short-range
interactions are treated as contact terms. These contact terms as well as other diagrams
have some constants to be determined in the effective Lagrangian. They are commonly
called the low-energy constants (LECs) and are determined empirically from fitting to
experimental data. The Lagrangian in this theory is deduced by chiral perturbation theory
(ChPT) and has infinitely many diagrams. The diagrams are analyzed in terms of powers
of small external momenta over the large energy scale (Q/ΛB)
ν . Q is nucleon or pion
momentum, or pion mass. The large energy scale is set around ΛB ∼ 1 GeV and is called
as the chiral symmetry breaking down scale. Two- and many-body force contributions are
generated on an equal footing in ChEFT. It allows ones to analyze the properties of nuclear
systems at low energies in a systematic and model independent way. Fig. 1.8 shows the
ordering and the hierarchy of diagrams in the ChPT Lagrangian for nuclear force. The
first non-vanishing 3NF diagram appears at next-to-next-to- leading order (N2LO). The 3π
ring diagrams and other sub-leading contributions to short-range 3NFs emerge at N3LO
order [33, 34]. The LECs which appear in the diagrams for the many-body forces should
be determined by few-body scattering experiments.
Recently, two-nucleon sector of the ChPT has achieved to the level of high-precision.
Semilocal momentum-space regularized chiral two-nucleon potentials up to N4LO [35],
called SMS chiral potential, reproduce the p-p (n-p) data from the 2013 Granada database
[6] up to 300 MeV with an accuracy of χ2/data = 1.00 (1.06). In parallel with the develop-
ment of NN potential, theoretical treatment of 3NFs based on the ChPT is being pushed
to the fifth order. Latest study of the ChEFT nuclear potentials intends to use the d-p
scattering data at intermediate energies (E/A ≳ 60 MeV) to determine LECs of 3NFs at
N2LO order [36, 37].
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Figure 1.8: Hierarchy of nuclear force diagrams in the ChPT. Solid and dashed lines represent
nucleons and pions, respectively. Solid dots, filled circles, filled squares, crossed squares and open
squares denote vertices from the effective chiral Lagrangian. Figure taken from Ref. [32]
1.4 Study of Three-Nucleon Force in Few-Nucleon Scat-
tering System
Nuclear force has several dynamical aspects such as momentum, spin, and iso-spin depen-
dence. To investigate the properties of the nuclear force including 3NFs, a few-nucleon
scattering experiment is one of the excellent probes. Precise measurements of differential
cross sections as well as various spin observables provide rich information for the properties
of nuclear forces.
Owing to the development of realistic NN potential models and remarkable progress of
computational technology, the rigorous numerical calculations for the three-nucleon scat-
tering system has become available. One can directly study the 3NF effects by comparing
the data with the theoretical calculations. For the simplest 3N scattering system, nucleon-
deuteron scattering, high-precision experimental data and rigorous Faddeev-type calcula-
tions were compared in the low-energy region (E/A ≤20 MeV/nucleon) [38]. Calculation
using only the NN potentials reproduced the scattering observables except for the proton
and deuteron vector analyzing powers at low energies. Consequently, it was found that the
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3NF effects are relatively small compared to those of the 2NF at low-energy region.
In 1998, Wita la et al. performed Faddeev calculations for scattering obsevables of the
nucleon-deuteron (Nd) elastic scattering at intermediate energy regions (E/A ≳ 60 MeV)
including the Tucson-Melbourne (TM) 3NF [39]. They indicated the theoretical calcu-
lation based on NN potential underestimates the experimental data at the cross section
minimum, and the discrepancies are removed by including the TM 3NF whose parameters
are adjusted to reproduce the experimental value of triton binding energy.
RIKEN group carried out high-precision measurement of the Nd elastic scattering at
intermediate energies in response to the theoretical indication [40–43]. The significant dis-
crepancies between the data and the rigorous numerical calculations in terms of Faddeev
theory based on the realisticNN potentials are found at the cross section minima [41]. The-
oretical calculations taking into account the 3NFs remedy the discrepancies, and they are
excellent agreement with the experimental data. This result indicates that clear evidence
of the 3NF effects in 3N scattering system. A coupled-channel study of Nd scattering with
∆-isobar excitation provides the similar effects at the cross section minima [27, 44]. For
the measured spin observables, calculations including the 3NFs do not always describe the
experimental data. The results obtained in the spin observables indicate the deficiencies
in the spin dependent parts of the 3NF models [41, 43].
Recently the ChEFT in the 3N scattering system present theoretical predictions for
Nd scattering observables based on the SMS chiral NN potentials together with consis-
tently regularized 3NFs up to the third chiral order (N2LO) [37]. Fig. 1.9 shows the
measured angular distribution of differential cross section for the d-p elastic scattering at
70 MeV/nucleon. The theoretical predictions based on the SMS chiral NN potentials [35]
in combination with the SMS 3NF at the N2LO are also shown. The 3NF LECs at N2LO
were determined from the 3H binding energy and the Nd differential cross section mini-
mum data at 70 MeV/nucleon. The bands show truncation errors in the ChEFT using a
Bayesian model. Those errors are independent from cutoff variation. The experimental
data are well described by the calculated results at the N2LO within 95 % degree-of-belief
level. The calculated results show only a weak residual cutoff dependence, consistent with
the estimated truncation uncertainty. These findings suggest that d-p scattering gives a
strong constraint to LECs of 3NFs in the ChEFT [36,37]. For the detailed descriptions in-
cluding the spin observables, the higher order contributions of the 3NFs at the N3LO and
the N4LO should be needed and their LECs have to be determined from the few-nucleon
scattering observables [37]. The few-nucleon scattering systems at intermediate energies
17
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Figure 1.9: Differential cross sections for d-p elastic scattering with incident energies of 70
MeV/nucleon [41]. Data are shown by open circles. Theoretical predictions based on ChEFT
potential at NLO (yellow band) and N2LO (green band) for cut-off Λ = 500 MeV. The light-
(dark-) shaded bands indicate 95% (68%) degree-of-belief intervals. The dotted line shows the
results based on the CD-Bonn NN potential. The dashed line shows the results based on the
CD-Bonn potential in combination with TM 3NF potential. Red dashed lines show the N2LO
results for the cutoff values of Λ = 400, 450, 500 and 550 MeV (the lines with a shorter dash
length correspond to smaller cutoff values). Figure taken from Ref. [37].
have an important role to provide the solid basis for the nuclear interactions including the
3NFs.
1.5 Study of Three-Nucleon Force in p-3He Scattering
System
In recent years, much attention has been devoted to the 3NF effects in a system of 4N -
scattering. This system, e.g. p-3He scattering, is the simplest one for investigating nuclear
interactions in the 3N subsystems with the total isospin T = 3/2, while the total isospin
18
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channel is limited to T = 1/2 for the Nd scattering case. The T = 3/2 components are
considered to play an important role in describing asymmetric nuclear matter, e.g. neu-
tron rich nuclei [26,45] as well as pure neutron matters [46,47]. In recent years remarkable
progress in theory has succeeded in solving the 4N scattering problem with realistic Hamil-
tonians even above the 4N breakup threshold [48,49], which opens up new possibilities of
investigating 3NF effects via 4N scattering systems.
From the experimental side, a major advantage of the p-3He scattering is that the devel-
opments in technology for high quality polarized proton ion-source and the sophisticated
techniques for the polarized 3He target system enable us to perform high precision mea-
surements of the cross section and variety of spin observables. Indeed, at low energy region
where the proton energy is below 50 MeV, rich data sets for the p-3He elastic scattering have
been available, covering cross section [50–61], proton analyzing power Ay [54, 57, 60–65],
3He analyzing power A0y [62,65–68], and spin-correlation coefficients Cy,y [62,65,68]. Mean-
while, the existing data are rather poor at higher energies; the cross section [69–72], and
the proton analyzing power Ay [71]. No data exist for the
3He analyzing power A0y and
only one data set is available the spin correlation coefficients Cy,y [73].
As for the theoretical descriptions of the p-3He elastic scattering, the calculations with
the 2N - and 3N -forces are reported by Viviani et al. [74]. They performed the ab-initio
calculations using the Kohn variational method and the hyper-spherical harmonics tech-
nique based on the ChEFT interactions in which the N3LO NN forces and N2LO 3NFs
are taken into account. The LECs of the N2LO 3NFs are determined by three- and four-
nucleon binding energies and the tritium Gamow-Teller matrix element. Figure 1.10 shows
the calculated results of the cross section as well as the spin observables for p-3He elastic
scattering at 5.54 MeV which compared to the data set of available experimental data. At
these lower energies, the data are well explained by the calculations with the 2N interac-
tions. The exception is the proton analyzing power Ay, the so-called ”Ay puzzle”exists
as seen in the Nd elastic scattering [38,75].
For energies up to 35 MeV, calculations in the framework of the Alt-Grassberger-
Sandhas (AGS) equation are presented using various realistic NN potentials [48, 49]. Al-
though calculations including 3NFs have not been done for the energies above the breakup
threshold so far, these works performed the coupled-channel calculations with a ∆-isobar
degree of freedom as an alternative description for 3N - and 4N -forces. Figure 1.11 (a)
shows the calculated cross sections based on the CD-Bonn, AV18, and INOY04 NN poten-
tials in comparison with the data at proton energies of 8.5–35.0 MeV. At incident energies
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Figure 1.10: Differential cross section, proton analyzing power Ay,
3He analyzing power, and
spin correlation coefficient Cy,y for elastic p-
3He scattering at 5.54 MeV as function of the c.m.
scattering angle. The blue band is the calculations with only the N3LO Chiral NN potential.
The cyan band is the one also including the N2LO Chiral 3NF potential. The experimental data
are from Refs. [60, 61,65]. Figure taken from Ref. [74].
above 20 MeV, the calculations with the NN potentials underpredict the cross section
data in the minimum, like what was observed in the Nd elastic scattering but at a higher
center-of-mass energy. As shown in Fig. 1.11 (b) the ∆-isobar effects slightly improve the
agreement with the data for the cross section. In line with this feature it is expected that
crucial information of 3NFs could be lying in the cross section minimun region for p–3He
elastic scattering at intermediate energies.
In recent study of the ChEFT nuclear potentials the few-nucleon scattering data are
taken as important sources to give constrains to 3N potentials up to the order of N4LO
where iso-spin dependent parts of 3NFs are appearing. Therefore, for the upcoming the-
oretical study along this line p-3He scattering at intermediate energies could play an im-
portant role to testify and determine newly constructed 3N potentials.
Currently it is the very beginning of investigation of p-3He elastic scattering at interme-
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Figure 1.11: (a) Differential cross section for elastic p-3He scattering at 8.52, 13.6, 19.4, 25.0, and
35.0 MeV proton energy as function of the c.m. scattering angle. Results obtained with INOY04
(solid curves), and at selected energies, CD-Bonn (dashed-dotted curves) and AV18 (dotted
curves) potentials are compared with the experimental data from Refs. [53,58,59]. (b)Differential
cross section for elastic p-3He scattering at 30 MeV proton energy. Results obtained with CD-
Bonn (dashed-dotted curves) and CD-Bonn+∆ (solid curves) are compared with the experimental
data from Ref. [59]. Figure taken from Ref. [48].
diate energies in view of pinning down signatures of 3NFs in comparison with the rigorous
numerical 4N calculations. High precision data set in a wide angular range are needed. In
our previous study, we have performed the first measurement of 3He analyzing power A0y
at intermediate energies of 70 and 100 MeV using the high-quality polarized 3He target
system [76, 77]. The precise data of A0y were compared with the theoretical calculations
based on the various NN potentials. Clear discrepancies have been found at the angles of
the A0y minimum and maximum which become larger with increasing an incident energy.
The results also show that the theoretical calculations based on the ChEFT N4LO NN
forces (SMS400, and SMS500) do not explain the A0y data, indicating necessities of 3NFs
in this approach.
In this dissertation we present the measurement of the cross section and the proton
analyzing power Ay at 65 MeV using a polarized proton beam at Research Center for
Nuclear Physics (RCNP) in Osaka University. We extend the measurement to the spin
correlation coefficient Cy,y at 100 MeV together with the proton and
3He analyzing powers.
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The data are compared with rigorous numerical calculations for the 4N -scattering based on
various realistic NN potentials as well as calculations with the ∆-isobar effects in order to
explore possibilities of the p-3He elastic scattering as a tool to study the nuclear interactions
including 3NFs.
In Chapter 2, we explain the experimental procedure and the data analysis for the
cross section and the proton analyzing power Ay at 65 MeV. In Chapter 3, we describe
the principles and properties of the polarized 3He target which was used for the spin
observables measurement. Chapter 4 presents the measurement of the spin observables at
100 MeV. Chapter 5 presents results of comparison and discussion, and then we summarize
and conclude in Chapter 6.
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Chapter 2
Measurement of Cross Section and
proton analyzing power Ay for p-
3He
Elastic Scattering
In this chapter, we describe the performance and analysis of the cross section and proton
analyzing power Ay measurement for p-
3He elastic scattering at 65 MeV in detail.
2.1 Outline of the Experiment
The measurement of the cross section and the proton analyzing power Ay for p-
3He elastic
scattering was performed in the West experimental hall of the Research Center for Nuclear
Physics (RCNP), Osaka University. Fig. 2.1 shows a schematic view of RCNP Ring cy-
clotron facility. The atomic beam-type High Intensity Polarized Ion Source (HIPIS) [78]
provided polarized protons. The proton polarization state was toggled between the spin-up
and the spin-down states in every 5 seconds at the HIPIS. The polarized proton beam was
accelerated by the AVF cyclotron up to 65 MeV and was transported to the experimental
hall via the WS beam line [79]. The extracted beam was focused onto a carbon foil target
at the beam line polarimeter (BLP) which installed on the WS beam line. It was refocused
onto the 3He gaseous target in the scattering chamber. After bombarding the 3He gaseous
target, the beam was stopped in a Faraday cup. The beam intensity was 20 – 100 nA. The
3He gaseous target was operated at room temperature under atmospheric pressure. The
pressure and temperature of the gaseous target were monitored by using the gas target
system [80].
Figure 2.2 shows the schematic view of the experimental setup around the 3He gas target
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Figure 2.1: Schematic view of the RCNP Ring cyclotron facility.
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installed in the scattering chamber. Scattered particles from the 3He target were detected
with two sets of counter telescopes. Each counter telescope consisted of a plastic scintillator
and a NaI(Tl) scintillator. A double slit system was used to define the target volume and
the solid angle. The measured angles were θlab. = 20
◦–165◦ in the laboratory system which
correspond to θc.m. = 26.9
◦–170.1◦ in the center of mass system. For reference, Fig. 2.3
shows the relation between the scattering angles in the center of mass system θc.m. and
the angles in the laboratory system θlab. and the relation between the kinetic energies of
scattered proton and recoil 3He in the laboratory system and the scattering angle in the
center of mass system θc.m. for p-
3He elastic scattering at 65 MeV. The beam polarization
was measured using the WS-BLP (see Fig. 2.1). The polarimetry was made by p-12C elastic
scattering, the analyzing power Ay which is known [81]. The typical beam polarization
was about 50 % during the measurement. The experimental conditions are summarized in
Table 2.1.
Table 2.1: Experimental conditions for the cross section and proton analyzing power Ay mea-
surement.
Observables dσ/dΩ, Apy
Incident particle Polarized proton
Incident beam energy Ep 65 MeV
Beam intensity 20–100 nA
Beam polarization 45–55 %
Target 3He gas (0.12 mg/cm3)
Detector ∆E-E counter telescope (plastic + NaI(Tl))
Measured angles θlab. 20.0–165.0 deg
Measured angles θC.M. 26.9–170.1 deg
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Figure 2.2: Schematic view of the experimental setup in the scattering chamber.
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Figure 2.3: Upper panel shows the relation between the scattering angles of proton and 3He in
the laboratory system θlab. and the scattering angle in the center of mass system θc.m.. Lower
panel shows shows the relation between the kinetic energies of proton and 3He in the laboratory
system and the scattering angle in the center of mass system θc.m..
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Figure 2.4: High Intensity Polarized Ion Source at RCNP. Figure taken from Ref. [78].
The schematic figure of the High Intensity Polarized Ion Source (HIPIS [78]) at RCNP
is shown in Fig. 2.4. Hydrogen molecules were dissociated by a 13.6 MHz (80 - 300 W)
RF discharge in the glass dissociator. Hydrogen atoms were cooled to around 30 K at the
aluminum nozzle. Cooled atoms came out as a direct jet from the nozzle and transported
to the sextupole magnet through the skimmer. Fig. 2.5 shows the hyperfine structure of
hydrogen atom in the external magnetic field. States are labeled from I to IV according
to their energy levels in the magnetic field. The total spin of a hydrogen atom is defined
as F = I + J , where I, J are corresponding to the nuclear spin and the electron spin,
respectively. Trajectories of the hydrogen atom passing through the sextupole magnet field
are different according to the quantum number of the electron spin: atoms with mj = +1/2
(I, II states) are focused and those with mj = −1/2 (III, IV states) are defocused. A weak
field and a strong field RF transition unit were used to deliver proton beam polarizations.
Table 2.2 summarizes the polarization states which achieved by each RF transition. Each
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Figure 2.5: Hyperfine state of a hydrogen atom in the magnetic field.
RF transition unit consists of a dipole magnet that generates a static magnetic field with
certain gradient along the beam axis and a cavity in which an RF field is produced. The
weak field unit with 8 MHz RF field causes the (I - III) transition and the strong field unit
with 1400 MHz RF field induces the (II - IV) transition. The optimization of the current
in the dipole magnet was performed while measuring proton beam polarization.
Table 2.2: Polarization states of hydrogen atom attained by combinations of RF transition.
States populated after sextupole I + II I + II
RF transition WF (7 MHz) SF (1400 MHz)
I ↔ III II ↔ IV
States populated after transition II + III I + IV
Polarization −0.5 +0.5
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2.2.2 Beam Line Polarimeter
The beam polarization was monitored by using a beam line polarimeter (BLP) which was
placed along the WS beam line (see Fig. 2.1). Polarimetry was made by using the known
analyzing power for p-12C elastic scattering [81]. The schematic view of the BLP and its
Polarized Proton Beam




Mylar Film (50 μm)
nat.C target (8.3 mg/cm2)
47.5°
NaI(Tl) Scintilator + PMT
(Left)
Figure 2.6: Schematic view of the beam line polarimeter (BLP). The figure shows a pair of
NaI(Tl) scintillator counter which are set in the horizontal plane.
detector layout are shown in Figs. 2.6 and 2.7, respectively. The nat.C target with thickness
of 8.3 mg/cm2 was installed in the vacuum chamber. Scattered protons from the target
were detected by four NaI(Tl) scintillator counters placed symmetrically in left, right, up,
and down directions. The NaI(Tl) counters were directly coupled to the photo-multiplier
tubes (H7415, Hamamatsu Photonics K.K.). The 10 mm-thick brass collimator with a ϕ 6
mm-circular hole collimated the proton flux to the detectors. The specifications of the BLP
and the p-12C data used to extract the beam polarization are summarized in Tables 2.3
and 2.4, respectively.
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Φ6
295 mm from target center
Shielding (Brass : 10 mmt )
NaI(Tl) PMT(H7415)
240 mm
Figure 2.7: Schematic figure of the NaI(Tl) scintillator counter and its shielding of the beam line
polarimeter at the WS beam line.
Table 2.3: Specifications of the BLP detectors.
Target　 natC
Target thickness nt 8.3 mg/cm
2
Scintillator NaI(Tl)
Scintillator size 31W × 31H mm
Scintillator thickness 50 mm
PMT H7415 (Hamamatsu Photonics K.K.)
Solid angle ∆Ω 0.32 msr
Table 2.4: Details of the analyzing reaction.
Scattering angle θlab. 47.5
◦
Cross section dσ/dΩ 5.098 ± 0.018 mb/sr [81]
Analyzing power Ay 0.975 ± 0.003 [81]
2.2.3 Gas Target System
A gas target system for the WS beam line [80] was used in this experiment. Figure 2.8
shows the schematic figure of the gas target system. The gas target cell was attached to the
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tip of the gas target system and installed in the scattering chamber. The vertical position
of the cell are controlled by a stepping motor.
Beam 
Scattering 





  the stepping  
               motor





Figure 2.8: Schematic figure of gas target system for WS beam line. Figure taken from Ref. [80].
We prepared a target cell to satisfy the following requirements: to detect scattered
protons in a wide angler range, to suppress fluctuations of the target thickness, and to
reduce backgrounds from the window film. The schematic figure of the gas target cell
and a photograph are shown in Fig. 2.9 and Fig. 2.10. The gaseous target consisted of a
cylinder of 99 mm diameter made of copper. A 50 µm aluminum film was used for the
window through which the beam and scattered protons pass. The window thickness is
about 13.5 mg/cm2 which is thicker than that of the target gas. It had two exit windows.
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To Grand RaidenTo Faraday Cup
10.0°
Aperture for measurement
in the scattering chamber
Aperture for Grand Raiden
Figure 2.9: Schematic figure of the gaseous target cell. The cell body was made of copper. Target
gas is transferred into the cell from the top through the central pipe.
Beam
Cover Plate
Apature for Grand Raiden
Figure 2.10: Photograph of the gas target cell. The cover plate made of stainless steel with the
thickness of 1 mm was also attached to prevent the cell window from an expansion of the films.
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One window, the opening angle of which was −10◦–190◦, was applied to the measurement
of the angular distribution for p-3He elastic scattering. The other window was for the

















































Figure 2.11: Trends of pressure (a), temperature (b) monitored by the sensors during the mea-
surement. Gas density (c) was extracted from those values.
Pressure and temperature inside the cell were constantly monitored during the ex-
periment. A resistance temperature detector Pt-100 (R610-3, CHINO CORP.), and the
capacitance diaphragm gauge (CDG025G, INFICON Co., Ltd.) were used to measure
the temperature and pressure, respectively. The diaphragm gauge measured the pressure
mechanically. It has the advantage that the sensitivity and calibration are independent
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of the gas applied. The trends of the pressure, the temperature, and the density during
the measurement of the p-3He elastic scattering are shown in Fig. 2.11. From Fig. 2.11,
pressure (Fig. 2.11 (a)) and temperature (Fig. 2.11 (b)) varied during the measurement,
and there was a correlation between them. The gas density (Fig. 2.11 (c)) was extracted
from the measured values of temperature and pressure, and stable with the uncertainty of
0.8 %.
2.2.4 Detectors for p-3He scattering
Elastically scattered protons from the 3He target were detected with two sets of ∆E–E
type counter telescopes. Each counter telescope consisted of a plastic scintillator and a
NaI(Tl) scintillator. A plastic scintillator (BC-408) coupled with a photo-multiplier tube
(PMT) was used to measure the energy loss of charged particles. A NaI(Tl) scintillator
coupled with a PMT was applied to measure the total energy of charged particles. The
layout of the ∆E–E counter telescope set is shown in Fig. 2.12.
Φ5.6 mmΦ3.5 mm
190 mm from target center
72 mm from target center
312 mm
NaI (Tl) + PMT (R7600+E5996)
BC-408 + PMT (R7600+E5996)Collimators (Tantal : 5mmt)
Figure 2.12: Schematic layout of ∆E–E counter telescope set for the measurements of the p-3He
elastic scattering.
As shown in Fig. 2.13, a double slit system was used to define the target volume and the
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Figure 2.13: Schematic figure of the arrangement of the double-slit system. The ∆Z is the
measured distance from the target center, and the ∆θ is acceptable ranges of the scattering angle
measured from the counter telescope axis θlab..



















Figure 2.14: Typical results of the Monte Carlo simulation of the acceptable events by the double
slit collimators, presented as the scatter plots on the ∆Z-∆θ plane.
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solid angle. Each slit was made of 5-mm thick Ta. The domain of the reaction points and
the scattered angles of protons were defined by the first and the second slits. We define the
∆Z as the measured distance from the target center, and the ∆θ as the acceptable ranges
of the scattering angle measured from the counter telescope axis. Monte Carlo simulation
was performed to obtain the effective target thickness ∆Z and the angler acceptance ∆θ
which are determined by the double-slit system. The scatter plots of ∆Z-∆θ correlation
for the particles passing through the double-slit are shown in Fig. 2.14. The effective
thickness ∆Z was 8.1–31.8 mm depending on the measured angles. The effect of finite size
of the beam on the effective target thickeness ∆Z was 0.4 % in root mean square. The
specifications of the counter telescopes and double-slit system are summarized in Table 2.5.
Table 2.5: Specifications of the counter telescopes set and double-slit collimators.
∆E counter telescope E counter telescope
Scintillator BC-408 NaI(Tl)
Scintillator size 22W × 35H mm 31W × 31H mm
Scintillator thickness 0.5 mm 50 mm
PMT HAMAMATSU R7600+E5996
Collimators
1st slit 2nd slit
Material Ta (thickness:5 mm)
Distance from Target 72 mm 190 mm
Opening diameter ϕ3.5 mm ϕ5.6 mm
2.2.5 DAQ System
We describe the data acquisition system (Mars DAQ) [82] for the ∆E-E counter telescopes
and BLP detectors in this section. The schematic diagram for trigger circuit is illustrated
in Fig. 2.15. The signals from the ∆E counters were sent to the CFD (ORTEC CF8000).
The CF8000 has an analog output that buffers the input signal for each channel as well
as NIM digital outputs. The analog output was sent to a 200 nsec cable delay and then
digitized by a charge-integrating fast encoding readout ADC (LeCroy FERA4300B) to get
the charge information. One of the digital outputs from the CFD was sent to a 200 nsec
logical delay and subsequently to a FERA via a time-to-FERA converter (LeCroy TFC
4303) to obtain the timing information. The other digital output was used to make a DAQ
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Figure 2.15: Schematic diagram of the trigger and DAQ circuit.
trigger.
As for the BLP detectors, in order to generate the logic signal from the slow-response
NaI(Tl) scintillator counter, two logical signals were generated for the trigger . One was for
the ADC and TDC gate signal. A Timing Filer Amplifier (ORTEC 474 TFA) was used to
suppress jitter, and a CFD (ORTEC 935) was used to suppress the effect of timewalk. The
other was for reduction of the event rate. A Leading edge discriminator (Phillips 706) was
used to eliminate events other than elastic scattering by setting higher threshold so that
one could reduce trigger rates and improve the live time of the DAQ system. The charge
and timing information of the BLP detectors were also obtained by the FERA system. In
this experiment, the DAQ trigger was a sum of,
1. logical sum of the signals from two ∆E counters,
2. logical sum of the signals from four BLP detectors.
The anode signal of the PMT for the E counters was divided in two. One of the
signals was sent to a 200 nsec delay then converted to charge information by a FERA.
The other signal was sent to a CFD after passing through a TFA. The logic signal from
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the CFD was sent to a 200 nsec delay and then to a FERA via a TFC for encoding the
timing information. The timing information for the accelerator RF signals was also read
out by using a FERA. The digitized data were transferred to a high-speed memory module
(HSM8170, Creative Electronic Systems S.A.) and stored on the Linux PC via an optical
cable.
2.2.6 Grand Raiden Spectrometer
The Grand Raiden (GR) spectrometer [83] was used as a beam monitor for the measure-
ment of p-3He elastic scattering. During the measurement the GR spectrometer was set at
41◦ at the laboratory angle. The scattered protons from the 3He gas target was momentum
analyzed by the spectrometer and detected by the focal plane detectors. Descriptions of
the GR spectrometer system are briefly given below.
GR Spectrometer
The GR spectrometer has been designed for high resolution measurements. It consists
of three dipole magnets (D1, D2, and DSR), two quadrupole magnets (Q1 and Q2), one
sextupole magnet (SX) and one multipole magnet (MP). The schematic view of the spec-
trometer is shown in Fig. 2.16 and the specifications are summarized in Table 2.6.
Table 2.6: Specification of the GR spectrometer.
Configuration QSQDMDD
Mean orbit radius 3 m
Total deflection angle 162◦
Tilting angle of focal line 45◦
Maximum magnetic rigidity 5.4 T·m
Momentum range 5 %
Momentum resolution p/∆p 37076
Acceptance of horizontal angle ± 20 mr
Acceptance of vertical angle ± 70 mr
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Figure 2.16: Schematic view of the GR spectrometer.
Focal Plane Detector System
The schematic view of the focal plane detector system of the GR is shown in Fig. 2.17.
The system consisted of the two vertical drift chambers (VDC1 and VDC2) and the two
plastic scintillator counters (PS1 and PS2). The specification of the focal plane detector
system is summarized in Table 2.7.
The VDCs were used to determine the positions and angles of the momentum analyzed
particles incident on the focal plane. Each VDC had two anode wire planes (X and U),
the names of which are X1 and U1 for VDC1 and X2 and U2 for VDC2. The tilting angle
of the U plane wires was 48.2◦ relative to the vertical X plane wires. A high voltage of
−5.2 kV was applied to the cathode planes of the VDC. A voltage of −0.3 kV was applied
to the potential wires. VDCs were filled by a mixture gas of argon (70 %) and isobuthane
(30 %) and a small mount of isopropyl alcohol.
The PSs provided the information of the energy deposit for the scattered particles
which was used to generate an event trigger. The scintillation light was detected by the
photo-multiplier tubes put on the both ends for each PS via light guides. The thickness of
the PS1 and PS2 was 1 mm and 3 mm, respectively, which enabled the scattered particles
40
2.2 Experimental Apparatus Chapter 2
VDC1 (X1,U1)
PS1 (1 mm) 
GR spectrometer
Aramid film
(50μm) PS2 (3 mm) 
VDC2 (X2,U2)
Charged Particle 
Figure 2.17: Schematic layout of the focal plane detector system of the Grand Raiden (GR)
spectrometer. The focal plane detector system consists of two sets of the VDC and two plastic
scintillator counters PS1 and PS2.
to penetrate both of the PSs. A coincidence signal between the two plastic scintillator
counter PS1 and PS2 was used to an event trigger.
The standard circuit system of the West Experimental hall was used for data acquisition
for the GR [84]. The event building and online data analysis were performed by the block
diagram of the data acquisition (DAQ) system for the focal plane detectors in the GR.
Each signal from the photo-multiplier tube of the two plastic scintillator counters was
divided into two signals. One of them was digitized by a charge-integrating fast encoding
and readout ADC (FERA4300B) to get the pulse height information. The other signal
was sent to a CFD and converted to a logic signal. The logic signal was split into two and
one of them was sent to a time-to-FERA converter (TFC) module to extract the Time of
Flight (ToF) information for the particles. The other was sent to Mean Timer circuits, in
which the detection times of the Left- and the Right-signals were averaged for identifying
the coincidence events between the signals from the PSs. A coincidence signal between the
two plastic scintillator counters PS1 and PS2 was used to generate an event trigger. We
also used 10 kHz clock module to estimate the synchronization rate between the GR DAQ
system and the Mars DAQ system. The rate of synchronization was estimated from the
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Table 2.7: Specifications of the focal plane detector system of the GR spectrometer.
VDCs Wire configuration X (0◦),U (48.2◦)
Active area 1150W mm × 120H mm
Number of sense wires 192 (X), 208 (U)
Sense wire spacing 6 mm (X), 4 mm (U)
Anode wire spacing 2 mm
Cathode-anode gap 10 mm
Sense wires 20 µmϕ gold-plated tungsten wire
Potential wires 50 µmϕ beryllium-copper wire
Cathode 10 µm carbon-aramid film
Gas mixture argon(70 %) + isobuthane(30 %) + isopropyl alcohol
PS1 Scintillator size 1200W × 120H mm
Scintillator thickness 1 mm
PMT H7195 (Hamamatsu Photonics K.K.)
PS2 Scintillator size 1200W × 120H mm
Scintillator thickness 3 mm
PMT H1161-50 (Hamamatsu Photonics K.K.)
ratio between the clock signals of the GR and those when the Mars DAQ was in operation.
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2.3 Data Analysis
2.3.1 Beam Polarization
The proton beam polarization was obtained by using the beam line polarimeter (BLP).
Fig. 2.18 shows a plot of light outputs obtained by the NaI(Tl) scintillator counter. The
signals from the elastically scattered protons from the 12C nuclei are clearly seen at around
1600 ch. For event rate suppression the events of the lower channels not appeared in the
figure (≲ 1300ch) were rejected by using a discriminator. The elastic events from the 12C
nuclei were selected by Gaussian fit and counting events in the range of ± 4σ for the peak
obtained with each counter of the BLP.
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Figure 2.18: Typical spectrum of light outputs obtained by the NaI(Tl) scintillator counter of
the BLP. The vertical dashed lines are the gate for event selection.
The proton beam polarization was extracted by using the yields of p-12C elastic scat-
tering obtained by each BLP detector. The yields for the left (L) and right (R) detectors
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where L and R denote the yields of p-12C elastic scattering in the left- and right-detector,
dσ/dΩ is the unpolarized cross section, n is the number density of the target, I is the
number of incident particles, Ay is the analyzing power, py is the beam polarization, and
∆Ω is the solid angles of detectors. The subscripts u and d refer to the two spin modes
“up” and “down” of the beam, respectively. Here, we define Yi (i = 1, 2, 3, 4) by using the
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The statistical uncertainty of the yields is obtained as ∆Y =
√
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Figure 2.19: Trend of the proton beam polarization during the experiment. The red (blue) circles
denote the spin-up (down) state of the proton beam.
2.3.2 Identification of p-3He Elastic Scattering
Particle identification from the 3He gas target was performed by the ∆E-E method based
on the Bethe Bloch formula. The left panel of Fig. 2.20 shows two-dimensional light outputs
of the ∆E and E counters at θlab. = 40
◦. Loci of protons are clearly seen and distinguished
from the other particles.
To select scattered protons we performed a linear correction of the two-dimensional
plots. We fitted the proton loci with a polynomial function and corrected them by using
the fitting results. The right panel of Fig. 2.20 shows corrected two-dimensional light
outputs of the ∆E and E counters. Particle identification was performed by making a
gate for the corrected two-dimensional plot. In addition, particle identification was carried
out by making a gate in the two-dimensional plots of the timing signal of the event trigger
with respect to the RF signal of the AVF cyclotron (ToF signal) versus the light output
of the E counter. Figure 2.21 (a) shows the two dimensional plot of the ToF signal and
the light outputs of the E counter. The linear correction was applied to this plot as shown
in Fig. 2.21 (b). Then events of the scattered protons were selected by the gates for the
corrected two-dimensional plots.
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Figure 2.20: Typical two-dimensional light outputs of the ∆E-E counter telescope on the left
panel. Right panel shows the corrected two-dimensional light outputs. The vertical dashed lines
are the ADC gate for particle identification.

































Figure 2.21: (a) Typical two-dimensional plot of the timing signal of the event trigger with respect
to the RF signal of the AVF cyclotron (ToF signal) versus the light output of the E counter.
(b) Two dimensional plot in which linear correlation was applied to the figure (a). The gates for
particle identification are shown with dashed lines.
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To estimate background contributions the measurement with the blank target cell was
performed. The obtained events with the blank target cell were normalized by using the
information of the BLP and subtracted from the events of the 3He target. Figure 2.22
shows typical spectra obtained with the 3He target as well as the blank target. Black



































Figure 2.22: Light output spectra of scattered protons obtained by the NaI(Tl) scintillator at
θlab. = 75
◦ (left panel) and θlab. = 135
◦ (right panel). The blue line shows the light output
spectrum with the 3He gas target. The black hatched line region indicates events obtained with
the blank target cell.
2.3.3 Event Selection
After subtracting the background contribution, the yields of the p-3He elastic scattering
were extracted by fitting with an offset function combined with a skewed Gaussian which













As shown in Fig. 2.22 tail components are seen in higher ADC channels for the peaks
of p-3He elastic scattering. These components have larger portion for the p-3He elastic
scattering spectra at the backward angles for which a proton beam with higher intensity
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was injected (see Fig. 2.22 (b)). Thus we consider the tail components came from pulse pile-
up from γ-rays which were detected in coincidence with the proton events. We then have
taken into account the contributions of the tail as the events for the p-3He elastic scattering
by applying the fitting function of Eq. (2.7). Figure 2.23 shows the results of the fitting
to the light output spectra of the E counters. The yields for the p-3He elastic scattering
were obtained by counting the number of the events within the range where the skewed
Gaussian covered 99.8 %. The offset value c in Eq. (2.7) was used to estimate uncertainties
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χ2 = 95.91 / 49
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Figure 2.23: Results of the fitting to light output spectrum of the NaI(Tl) scintillator at θlab. = 75
◦
(a) and θlab. = 135
◦ (b). The red lines are the fitting function, the yellow lines are the skewed
Gaussian fitted to the p-3He elastic peaks. The offset function is shown with the green lines. The
p-3He elastic events are selected in the range which denoted by the vertical dashed lines.
2.3.4 Grand Raiden Beam Monitor
The Grand Raiden (GR) spectrometer system was used as a beam monitor to obtain the
cross section as well as the proton analyzing power for the p-3He elastic scattering, which
gives values proportional to the number of incident particles impinged on the gaseous tar-
get. As written in Sec. 2.2.6, the scattered protons from the gaseous target were detected.
Here, we describe how to extract the events analyzed by the GR. The data analysis was
performed by using the program code, FRED (Tamii analyzer) [84].
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Particle Identification
The particle identification for proton events was performed by using the timing information
(Time of Flight) and the energy loss in the PS1 (see Sec.2.2.6). The timing information
was obtained as the difference between the trigger timing and the RF signal of the AVF
cyclotron. Figure 2.24 shows the Time of Flight versus the light output of the PS1 counter.




















Figure 2.24: A typical scatter plot of the particle selection. Scattered proton events are enclosed
by a square in black.
Trajectory Reconstruction and Tracking Efficiency
Two separate pairs of the VDC detectors were used to obtain the positions and the angles
of the particle trajectories on the focal plane of the GR spectrometer. The conceptual
structure of a VDC is shown in Fig. 2.25. A charged particle incident on the VDC pene-
trates the detector volume to ionize the counter gas. Electrons generated by the ionization
drift toward the anode plane to cause charge signals on the sense wires.
The drift velocity is almost constant but it considerably deviates near the wires due to
the irregular electric fields (see Fig. 2.26 (a)). The drift length histogram should have a
flat distribution in a range of 0–10 mm. The conversion tables from the drift time to the
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Figure 2.25: Conceptual structure of an focal plane of the VDC.
drift length was created by using the data of continuum excitation. As shown in Fig. 2.26
(b) the drift length has a flat distribution.





where NX1∩U1∩X2∩U2 denoted the number of events successfully determined for all of the
four wire planes, and NU1∩X2∩U2 denoted the number of events successfully determined for
the other wire planes than the X1 plane. The efficiency of the other planes was calculated
in the same manner. The total detection efficiency of VDC is obtained as a product of
efficiencies of each plane, that is
ϵVDC = ϵX1 × ϵU1 × ϵX2 × ϵU2. (2.9)
Typical efficiencies of each wire plane and the total efficiency were around 95 % and 82 %,
respectively.
Spectra decomposition
Fig. 2.27 (a) shows a typical two-dimensional plot of the horizontal position XFP versus the
horizontal incident angle θFP at the focal plane for the analyzed particles. After kinematical
correction (see Fig. 2.27 (b)), the one-dimensional plot for the Xcorr. was obtained as shown
in Fig. 2.28 (a). The peak around Xcorr. = 0 corresponds to the events from the
3He. The
events seen around θFP = −4 – −2 degrees over the Xcorr. in Fig. 2.27 (b) are the protons
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Figure 2.26: Typical spectra of the timing spectrum of the sense wires and the drift length in the
VDC.
scattered from the target cell window, which were observed in the measurement with the
blank target cell and then were subtracted as background contributions. After subtraction
of the background contributions the events between the two dashed lines shown in Fig. 2.28
(b) were selected. The yields were extracted by counting in the range of ± 3σ from the
peak around the Gaussian. The yields extracted here were used as the relative values of
the number of the incident particles in the analysis. Uncertainty of the yields came from
the beam polarization effects which were estimated to be within 1.6 %.
2.3.5 Derivation of Observables






















































p-3He elastic scatteringp-3He elastic scattering
Figure 2.27: Left panel shows the two-dimensional plot of the XFP and θFP on the VDC. Two-






























Figure 2.28: Typical spectrum of Xcorr. are shown on the left panel. Black solid line is background
spectrum of the blank cell. Right panel shows the peak of p-3He elastic scattering which obtained
by subtracting background effects.
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where dσ/dΩ is the diffetntial cross section, Ay is the proton analyzing power, p
u,d
y are
the proton beam polarization for each spin mode, nt is the number of the target particles
per unit area, Iu,d are the number of the incident particles, ∆Ω is the solid angle of the
detector, ϵiDAQ are the DAQ live ratio for each spin mode, and ϵdet. is the detection efficiency
of the detector. In this analysis, the number of the incident particles Iu,d were deduced
from the yields for the p-3He elastic scattering measured with the GR spectrometer. From
























































Since the number of detected particles follows the Poisson distribution, the statistical error
is ∆Y i =
√






































Extraction of Absolute values of Cross Section
It is essential to obtain absolute values of the cross section to compare with the rigorous
numerical 4N calculations. In this measurement, the absolute values of the cross section
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for p-3He elastic scattering were deduced by normalizing the data to the precisely known
cross section. As for this we used the p-p elastic cross section for which very reliable data
sets exist [7]. To obtain the normalization factors we performed the measurement for the
p-p elastic scattering with a hydrogen gas by using the same detector system for the p-3He
elastic scattering during the course of the experiment. In the following, we describe how
we deduced the cross section for p-3He elastic scattering.





























where (dσ/dΩ)H2 is the diffetntial cross section, A(y,H2) is the proton analyzing power,
pu,d(y,H2) is the proton beam polarization for each spin mode, nH2 is the number of the target
particles per unit area, Iu,dH2 are the number of the incident particles, ∆Ω is the solid angle
of the detector, ϵi(DAQ,H2) is the DAQ live ratio for each spin mode, and ϵ(det.,H2) is the
detection efficiency of the detector.
Here we note the yields measured by the GR in the measurement of the p-p elastic
scattering were scaled to those for the p-3He elastic scattering due to differences of the
cross section as well as the analyzing powers of these two reactions. The scaling factor was
extracted by using the information obtained by the Up/Down BLP detectors. Fluctuations
of the scaling factors were estimated to be 1.5 %. The Iu,dH2 was calculated as the yields of
the p-p elastic scattering multiplied by the obtained scaling factor.








































































As expressed Eq. (2.23) we needed to determine the values of α/αH2 , nH2/nt, and ϵ(det.,H2)/ϵ(det.).
As for the ratio of the event rates α/αH2 , those are obtained from the yields of the ∆E-E
counter telescopes, the beam polarization from the BLP, and the integrated beam amount
from the GR spectrometer. The numbers of the target particles per unit area nt,H2 are
expressed as nt,H2 = ρt,H2l using the target gas density ρ and the effective target thickness
l. In this analysis, ρ was determined by the values monitored by the gas target system for
the 3He gas and the H2 gas, respectively. The effective target thickness l was estimated by
a Monte Carlo simulation calculation. As for the detection efficiency ϵdet., we considered
the nuclear reaction in the NaI(Tl) scintillator by using the published results [85,86].
2.4 Experimental Results
The experimental results of the differential cross section and proton analyzing power Ay
are tabulated in Table 2.8. The statistic and systematic errors are also shown in the table.
We estimate the systematic uncertainties came from i) contamination of the background
events, ii) uncertainties of the beam polarization, iii) effects of edge scattering from the
collimators, iv) uncertainties of the cross section values for p-p elastic scattering, and v)
uncertainties for the relative values of the number of the incident particles obtained by the
Grand Raiden spectrometer. The contamination of the background events was evaluated
when the p-3He elastic peak was fitted with a skewed Gaussian and an offset function,
and it varies 0.7–2.2 % depending on the measured angles. The uncertainty of the beam
polarization is mainly from the error of the analyzing power for p-12C elastic scattering, and
it is estimated to be less than 0.5 %. For effects of edge scattering from the collimators, we
considered how unwanted hitting of the edges of the collimators affected in the measured
spectra for p-3He elastic scattering, and the effects were estimated to be 0.3 % by Geant4
simulation. Uncertainty of the cross section values for p-p elastic scattering were estimated
to be 1.7 % by difference between calculated results provided by the two different partial
wave analysis codes, SAID [7] and Nijmegen [5]. Uncertainties for the relative values of the
number of incident particles obtained by the Grand Raiden spectrometer were estimated
to be 2.2 % at most, which came from polarization effects of the events obtained by the
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GR (1.6 %) as well as fluctuations of the scaling factor applied to the yields for the p-p
elastic scattering (1.5 %). The systematic errors of the cross section were estimated by the
quadratic sum of each component mentioned above, and they are summarized in Table 2.9.
As for the proton analyzing power Ay, the statistical uncertainties were 0.02 or less.
The systematic uncertainties were estimated from i) uncertainties of the beam polarization
and ii) difference between the extracted analyzing power data obtained with the different
detector sets and they were 0.02 at most.
Fig. 2.29 shows the experimental results of the cross section and the proton analyzing
power Ay at 65 MeV versus the scattering angle in the center-of-mass system.
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Table 2.8: Experimental results of cross section and proton analyzing power Ay.









20 26.89 48.2 0.1 1.4 0.170 0.005 0.025
25 33.52 34.1 0.1 1.1 0.196 0.008 0.026
30 40.08 22.1 0.1 0.6 0.186 0.009 0.025
30 40.08 21.8 0.1 0.6 0.187 0.009 0.026
35 46.58 13.8 0.1 0.4 0.164 0.014 0.025
40 52.98 8.25 0.08 0.23 0.144 0.010 0.024
40 52.98 8.25 0.08 0.23 0.127 0.017 0.025
45 59.29 5.06 0.03 0.13 0.065 0.010 0.024
50 65.49 3.41 0.02 0.10 −0.053 0.010 0.024
50 65.49 3.41 0.02 0.10 −0.029 0.018 0.024
55 71.57 2.24 0.02 0.06 −0.134 0.018 0.024
60 77.53 1.76 0.01 0.05 −0.268 0.015 0.024
70 89.03 1.04 0.01 0.03 −0.397 0.010 0.024
75 94.55 0.83 0.01 0.02 −0.453 0.011 0.024
80 99.93 0.69 0.01 0.02 −0.412 0.014 0.024
85 105.14 0.56 0.005 0.02 −0.407 0.015 0.024
95 115.10 0.42 0.003 0.01 −0.345 0.012 0.024
105 124.43 0.33 0.003 0.01 −0.060 0.015 0.024
115 133.16 0.32 0.01 0.01 0.432 0.015 0.024
125 141.34 0.41 0.01 0.01 0.756 0.013 0.025
135 149.04 0.63 0.01 0.02 0.675 0.015 0.025
145 156.34 1.01 0.01 0.03 0.478 0.012 0.024
155 163.33 1.36 0.01 0.04 0.312 0.014 0.024
165 170.09 1.71 0.01 0.05 0.168 0.010 0.024
Table 2.9: Sources of systematic error for the cross section measurement.
Contamination of background events 0.7 – 2.2 %
Uncertainty of beam polarization 0.1 – 0.5 %
Edge scattering effect 0.3 %
Uncertainty of the cross section values
for p-p elastic scattering
1.7 %
Uncertainties for the relative values
of the number of the incident particles
obtained by the GR spectrometer
1.5 – 2.2 %
Total 2.5 – 3.3 %
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Figure 2.29: Experimental results of the cross section (top panel) and proton analyzing power
Ay (bottom panel) for p–
3He elastic scattering at 65 MeV.
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Polarized 3He Target for Spin
Observable Measurement
We have developed the polarized 3He target to measure the spin observables for p-3He
elastic scattering. In this chapter, we describe the principles of polarization methods,
target devices, and polarimetry techniques in detail.
3.1 Principle of 3He Polarization
The nuclear spin polarized 3He is widely applied to a variety of scientific fields, including
neutron spin filters [87], precision measurements of the fundamental symmetry [88], and
studies of neutron spin structure [89]. To generate the nuclear polarization of 3He, two
techniques are commonly employed; metastability-exchange optical pumping (MEOP) [90]
and spin-exchange optical pumping (SEOP) [91]. For the MEOP method, 3He polarizations
are produced by the metastability exchange between optically pumped metastable 3He
atoms and 3He nuclei in the ground state. The metastable state of 3He atoms is polarized
via the excitation by RF discharges and a radiative cascade decay. The metastable 3He
atoms are polarized by the optical pumping with a 1083 nm circularly polarized light.
Then the metastability exchange collision occur, resulting in the polarization of 3He nuclei
in the ground state. The MEOP method typically achieves a high 3He polarization around
80–90 %. However, 3He gas pressure is limited to very low to maintain a high metastable
3He density.
In our experiment, we adopt the SEOP method which can be applied for the high
density 3He target. In this method, there are two main steps for the 3He polarization.
First, alkali metal vapor is polarized by optical pumping with a circularly polarized laser
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light. Second, the alkali metal electron polarization is transferred to the 3He nucleus via
a hyper-fine interaction. The progress of the high power and spectrally narrowed infrared
diode laser technologies enables one to achieve a high polarization more than 70% for 3He
gas of about 100 cm3 at around 1 atm [92]. Nowadays, the alkali-hybrid SEOP (AH-SEOP)
method [93] which uses the mixture of Rb and K atoms is widely used. This method can
achieve a higher 3He polarization than the pure-Rb SEOP method. For simplicity, we
describe the principle of SEOP method for the Rb case. Subsequently, we also introduce
the AH-SEOP method in this section.
3.1.1 Optical pumping of Rb atoms
Optical pumping of alkali metals relies on the angular momentum selection rules in the
optical excitation process. A simplified optical pumping scheme with energy levels of Rb
atoms, ignoring the effect of the Rb nuclear spin, is shown in Fig. 3.1 In the presence of a
σ +









Figure 3.1: D1 transition of Rb atoms in the presence of a magnetic field in optical pumping by
circularly polarized light.
static magnetic field, the 52S1/2 ground state as well as the 5
2P1/2 first excited state Rb split
into the Zeeman sub-levels of mJ = ±1/2. Rb atoms are excited from the 52S1/2 state to the
52P1/2 state by a laser light which is tuned to 795 nm corresponding to the D1 transition.
Pumping with right circularly polarized light (σ+), the Rb atoms can only be excited from
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the mJ = −1/2 state. An excited Rb atom decays back to either ground state. The
probabilities of this de-excitation are 2/3 for 52P1/2 (mJ = +1/2) to 5
2S1/2 (mJ = −1/2)
and 1/3 for 52P1/2 (mJ = +1/2) to 5
2S1/2 (mJ = +1/2), respectively. Generally in SEOP,
3He gas at a pressure of a few atm is filled in a cell with alkali metals and the excited
Rb atoms decay to the both levels of the 52S1/2 state with equal probabilities since the
populations of the sub-levels of the 52P1/2 state are equalized by collisions with
3He atoms
(collisional mixing). Consequently, in the absence of any spin relaxation processes, all of
the Rb atoms will accumulate in the mJ = +1/2 state. Note that there are two important
conditions have to be met for this process. First, one has to apply a static magnetic field
which is parallel to the direction of the light propagation. Second, when the excited Rb
atoms decay radiatively back to the ground state, they emit photons almost isotropically
with different degrees of freedom. According to the angular momentum selection rule,
a right (left) circularly polarized photon σ+ (σ−) is emitted in the de-excitation process
with ∆L = +(−)1. In the case of the de-excitation between the same magnetic quantum
numbers, unpolarized (π) photons are emitted. Since the Rb atoms are also excited by
absorbing these photons emitted by the de-excitation, the Rb atoms in the mJ = +1/2
state of 52S1/2 are also excited, resulting in the saturation of the Rb polarization (radiation
trapping). To avoid this effect, N2 gas is filled into the polarized
3He cell as a buffer gas.
Fig. 3.2 illustrates the optical pumping processes in the presence of 3He gas with and
without the buffer gas. The excited Rb atoms can decay back to the ground state without
any light emission since the energy of them can be transferred to the N2 molecules as the
vibrational and rotational motion. The branching ratio for a radiative decay of the excited





where PN2 is the partial pressure of N2 gas in Torr. We typically add about 100 Torr of
N2 gas into our polarized
3He target, then Bγ is suppressed to ∼ 3 %.
The average polarization of the Rb atoms is expressed by the ratio of the optical
pumping rate γ+ν (x) and the electron spin destruction rates ΓRb,
P̄Rb(x) =
γ+ν (x)
γ+ν (x) + ΓRb
. (3.2)
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Figure 3.2: Optical pumping of Rb atoms by circularly polarized light with (a) and without (b)
a N2 buffer gas. The perturbation due to nuclear spins is ignored.
where Φ(x, ν) is the laser photon flux per unit frequency at a position x and σabs(ν) is the








= −[Rb]σabs(ν)(1 − PRb(x))Φ(x, ν), (3.5)
where Ilaser(ν) is the intensity of circularly polarized light per unit area and frequency, h is
the Planck constant, and [Rb] denotes the Rb number density. The light absorption cross
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where λ0 (794.979 nm) and ν0 (377.107 THz) are the wavelength and frequency of the Rb
D1 transition in vacuum, respectively. Γnat is the natural line width, Γ is the pressure
broadened width, and b and Γa are the correction parameters to describe the observed line
shape asymmetry. These parameters were measured at various 3He pressures by Larson
et al.. Since our target cell is filled with 3He gas with a pressure of about 3 atm, some of the
results for a 3He pressure of 2.94 atm are listed in Table 3.1. From Eq. (3.6) and Table 3.1,
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Table 3.1: Parameters of the light absorption cross section for the Rb D1 line [96].
3He pressure [atm] Γ [GHz] Γa [GHz] b [s]
2.94 54 ± 3 154 ± 11 0.20 ± 0.04 ×10−12
the absorption cross section σabs(ν) is calculated and shown in Fig. 3.3. Using Eqs. (3.3),
(3.4), (3.5), and (3.6) one can calculate the γ+ν . Assuming the initial intensity and spectrum













Figure 3.3: The photon absorption cross section at the D1 transition of the Rb atom with a 3He
pressure of 3 atm.
The electron spin destruction of Rb atoms is mostly due to the spin rotation interaction
during collisions between the Rb and other atoms. Hence, the spin destruction rate ΓRb is
proportional to the density of those atoms and expressed as,









where the box bracket denotes the number density of atoms or molecules. ⟨σSDv⟩, ⟨σN2v⟩,
and ⟨σSEv⟩ are the velocity averaged cross sections of the Rb–Rb, Rb–N2, and Rb–3He col-
lisions, respectively. The last term of Eq. (3.7) expresses the effect of three-body collisions
between a Rb atom and two 3He atoms. These constants have been measured as reported
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The spin destruction rate ΓRb depends on temperature, and its value is typically a few
hundreds s−1 at around 150 ◦C. In this condition, the Rb-Rb collisions dominate the
relaxation process of the Rb electron spin. From Eq. (3.2), to achieve the high polarization
of Rb atoms, it is necessary to increase the optical pumping rate γ+ν (x).
3.1.2 Spin Exchange between Rb and 3He
The polarization of Rb atoms in a gas mixture with 3He gas is transferred to 3He nuclei
through the spin exchange process. The spin exchange occurs by hyperfine interactions
between the valence electron of a Rb atom and a 3He nucleus. The schematic figure of the
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where γ3He is the gyromagnetic ratio of
3He , µN is the nuclear magneton, and µB is the
Bohr magneton. ri (i = 1, 2, 3) denotes the position vector from the
3He nucleus to the
ith electron. The i = 1 represents the valence electron of Rb and i = 2, 3 represent the
electrons of 3He . I is the nuclear spin of 3He . J i is the spin of the ith electron. The
polarization transfer arises from the third term of Eq. (3.9), called the Fermi contact term.
This interaction also causes a shift of the Rb Zeeman frequency due to the 3He polarization
(see Sec. 3.4).
Next, we derive the time evolution of the polarization of 3He nuclei. The ground state
of 3He nuclei splits into the Zeeman sub-states of mI = ±1/2 in the presence of a static




= ρ̃+ − ρ̃−, (3.10)
where ρ̃± is the populations of the mI = ±1/2 sub-states and we have used the relation
















where γSE = kSE[Rb] is the spin exchange rate between a Rb atom and a
3He nucleus
and Γ3He is the spin relaxation rate of
3He nuclei. kSE = ⟨σSEv⟩ is the spin exchange rate
constant and has been measured to be (6.1 ± 0.2) × 10−20 cm3/s by Larson et al. [96] and
(6.8 ± 0.2) × 10−20 cm3/s by Chann et al. [100]. Based on Eqs. (3.10) and (3.11), the rate
equation of the 3He polarization is given by,
dP3He
dt



















where Eq. (3.2) is used. From Eq. (3.15), we need γSE ≫ Γ3He and γ+ν (x) ≫ ΓRb, which
can be achieved by the following requirements, to obtain a high 3He polarization. First,
we need to suppress the relaxation effects of the 3He spin. Second, we need to use a high
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power laser to increase γ+ν (x). Finally, the optimization of the operating temperature is
essential since both γSE and ΓRb are proportional to the Rb number density which depends
strongly on the temperature.
The main factors for the spin relaxation of 3He nuclei are the following:
1. dipole interaction between two 3He nuclei (ΓD)
2. inhomogeneity of the static magnetic field (ΓB)
3. interactions with impurities in the cell wall or in gas (ΓW )
Thus, the spin relaxation rate of 3He nuclei is expressed as
Γ3He = ΓD + ΓB + ΓW . (3.16)
The spin relaxation caused by the dipole interactions is calculated by Newbury et al.





where [3He] is the 3He number density in amagat. Assuming the 3He gas inside the target




≃ 3.68 × 10−3[h−1]. (3.18)






where D3He is the diffusion constant for the






(1 + ω2τ 2)
, (3.20)
where λ and v are the mean free path and the root mean square velocity of 3He atoms,
respectively. ω is the Larmor frequency of the 3He nuclear spin. τ = λ/v is the collision
time of 3He atoms. Under our typical operating conditions ([3He]∼ 2.7 amg, 300 K, and 1.2
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mT), the diffusion constant is estimated to be about 0.3 cm2/s. According to our previous
research [104], typical inhomogeneities of the magnetic field ∇Bx,y are around 3 µT/cm at
most. Thus, the 3He spin relaxation due to the magnetic field gradients is estimated to be
about 8.0×10−3 h−1.
The most dominant source of the 3He spin relaxation is the interactions with param-
agnetic impurities, such as the glass compositions or contaminants in the target cell. We
have chosen GE180 aluminosilicate glass as the cell material because it contains very little
paramagnetic impurities [105, 106]. We also introduced a process in the target cell pro-
duction to remove water and other organic contamination dissolved in the glass, such as
cleaning and bake out procedures. In addition, we used gas purifiers (GC50, Saes Getters
S.p.A.) to fill clean gases into the cell. A typical 3He spin relaxation rate of our target
cells is Γ3He ∼ 3.3×10−2 h−1, this implies that the 3He spin relaxation due to impurities is
dominant.
3.1.3 Alkali-Hybrid SEOP method
The alkali-hybrid spin-exchange optical pumping (AH-SEOP) method [93] is nowadays
widely used to obtain the highly polarized 3He gas. It provides higher spin-transfer effi-
ciency than that of Rb-SEOP and retains the availability for optical pumping of Rb atoms.
A lighter alkali metal, normally K, is added to the conventional Rb-SEOP in this method,
where the K to Rb ratio is much higher than unity. Circularly polarized light from a
795 nm laser optically pumps Rb atoms, then spin-exchange collisions between Rb and K
atoms transfer the Rb polarization to K atoms with little loss.
Babcock et al. defined the spin-exchange efficiency ηSE for the AH-SEOP method [93]
as the ratio of the rate at which angular momentum is transferred to the 3He nuclei to the







(kRb + DkK) [3He]
(ΓRb + DΓK + qKR[K])
, (3.21)
where D = [K]/[Rb] is the ratio of the alkali metal number densities. γA is the spin-
exchange rate of the alkali metal, which is described as,
γA = γK + γRb = kK[K] + kRb[Rb], (3.22)
where kK (Rb) is the spin-exchange rate constant for K (Rb), and ΓK (Rb) is the electronic
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spin-destruction rate in the K-K (Rb-Rb) collisions. qKR is the spin destruction rate con-
stant for the Rb–K collisions and can be assumed as the geometric mean between the
Rb–Rb and K–K spin destruction rate constants [100]. AH-SEOP is more efficient than
Rb-SEOP because the spin-exchange rate constants kK,Rbse are comparable, while ΓK is
much smaller than ΓRb [100]. In hybrid cells, a rapid electronic spin-exchange between K
and Rb equalizes the polarization of the two alkali-metals, allowing for the benefits of the
lower spin-destruction rate for K with the optical pumping laser for Rb-SEOP. To obtain
higher spin-exchange efficiency, several studies for the optimization of the alkali-metal va-
por ratio D have been performed [100, 107]. According to these studies, D between 2 and
6 yields the best results such as the maximum 3He polarization and pumping rate. We
estimate an appropriate volume ratio of solid Rb and K to be filled in the target cell in
order to obtain the desired vapor ratio D ∼ 4 at operating temperatures. The number







Because a mixture liquid of Rb and K is used for the AH-SEOP method, the alkali metal
densities approximately obey Raoult’s law,
[Rb] = mRb[Rb]0, (3.24)
[K] = mK[K]0, (3.25)
where the subscript 0 denotes the saturated vapor density of pure alkali metal species.
mRb and mK are the mole fraction of Rb and K, respectively. Thus, the ratio of the alkali









The molar mass of Rb is 85.5 g/mol and that of K is 39.1 g/mol. The density of solid Rb
is 1.53 g/cm3 and that of K is 0.86 g/cm3. Using Eqs. (3.8), (3.23), and (3.26), the volume





· 39.1 · 1.53
85.5 · 0.86
≃ 16.9, (3.27)
where we assume that the operating temperature is 240 ◦C and the desired vapor ratio
becomes D = 4.
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3.2 Target Devices
The polarized 3He target system consists of three components: several coils and equipments
for polarimetry, an oven and a laser system for optical pumping, and a target glass cell.
Figure 3.5 shows the overall setup of the polarized 3He target. In this section, we describe












Figure 3.5: Overall setup of the polarized 3He target.
3.2.1 Polarized 3He target cell
The polarized 3He target cell used in the experiment was a double-chamber cell, as shown
in Fig. 3.6. The cell is named Ishibashi. A photograph of the Ishibashi cell is also shown
in Fig. 3.7. It consists of two chambers, the target chamber and the pumping chamber,
which are connected with a thin transfer tube. This design prevented depolarization of
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alkali-metal atoms due to the incident beam [109]. In addition to this, undesirable energy
loss of the scattered protons passing through the target oven, which is used to heat the











Figure 3.6: Schematic figure and dimensions of the target glass cell “Ishibashi”.
Figure 3.7: Photograph of the Ishibashi cell.
In order to obtain a sufficient amount of the alkali-metal vapor, the pumping chamber
is heated to nearly 250◦C. 3He nuclei are polarized in the pumping chamber through the
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spin exchange interactions and diffuse into the target chamber. It was made of GE180
glass, which is thought to be suitable for the container as the polarized 3He target because
it has few ferromagnetic compositions and is less permeable to 3He gas molecules than
other glass [105].
The glass thickness of the target chamber should be thin in order to minimize the
energy loss of the incident and scattered protons in the glass window. The thicknesses
of the target windows were typically 0.4 mm and those of the side surfaces of the target
chamber were 1.0–2.0 mm. The glass thicknesses were measured by an ultrasonic thickness
guage (PVX, Dakota Japan Inc.).
The polarized 3He cell was filled with a mixture of Rb and K. As discussed in Sec. 3.1.3,
and it contains a solid Rb/K ratio of 1/30 when we made the polarized 3He target cell. We
measured D of the Ishibashi cell using an absorption spectrum of white light [77]. It turned
out that the alkali-metal ratio of the mole fraction mK/mRb = 18.4 ± 1.7 in Ishibashi cell.
At an operating temperature (T = 240 ◦C) D is estimated to be,
D = 3.5 ± 0.3 (3.28)
This value is moderate for the AH-SEOP method. The properties of Ishibashi cell are
summarized in Table 3.2.
Table 3.2: Properties of the polarized 3He target cell, Ishibashi.
Gas density of 3He [cm−3] (8.04 ± 0.22) × 1019
Gas density of N2 [torr] 1.0 × 102
Volume of target chamber [cm3] 173.6 ± 0.5
Volume of pumping chamber [cm3] 102.9 ± 0.5
Alkali-metal K & Rb (mK/mRb = 18.4 ± 1.7) [77]
3.2.2 Oven and Laser system for SEOP
Target Oven
In order to obtain an appropriate alkali metal number density (vapor pressure) in the
pumping chamber, the chamber should be kept at ∼ 200◦C, and therefore it is placed inside
an oven. A hot-air blower (HOTWIND SYSTEM, Leister Technologies AG) was applied to
heat the pumping chamber. The oven is made of polyether ether ketone (PEEK) which is
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non-magnetic material, and its heat resistance is up to ∼ 250◦C. The oven has three glass
windows; one is for the laser entering the oven from its bottom side and the other two,
perpendicular to the laser window, for detecting the fluorescent light from the pumping
chamber for the EPR measurement. The temperature inside the oven was monitored
by a Pt100 sensor. The oven temperature can be controlled by a Linux computer with
a function generator (FG120, Yokogawa Test & Measurement Co.), where the function
generator controls the heater temperature of the hot air blower.
Laser
We used a high power diode laser (LS-795-65W, OptiGrate Co.) for optical pumping. This
diode laser contains two fiber-coupled laser heads mounted on water-cooling heatsinks and
volume Bragg gratings which attain narrow linewidths. Each laser diode can be individually
coupled to an optical fiber. A fiber combiner (S/N OPC2-170908-2, Photonic Science
Technology Inc.) was used to produce a single output from these two laser outputs. The
specifications of the diode laser are shown in Table 3.3. A schematic view of the laser
system is shown in Fig. 3.8.
PC
Cooling Water Hoses









Figure 3.8: Schematic picture of the laser system for optical pumping.
This system consists of a laser module and a laser driver unit that involves a DC power
supply and a temperature controller. A water chiller (HRS012-A-10, SMC Co.) was used
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Table 3.3: Specifications of the diode laser.
Center wavelength 794.7 nm
Linewidth (FWHM) < 20 GHz
Maximum output power 65 W
Output fiber core diameter 600 µm
Numerical aperture 0.22
for cooling the laser diode, and a flow rate was monitored by a flowmeter. The laser diode
was driven by a DC stabilized power supply (GEN100-7.5, TDK-Lambda Co.). The center
wavelength is adjustable in the range of around ±0.2 nm by controlling the temperature
of both laser diode and volume Bragg grating. These temperatures are controlled with
thermo-electric coolers. An excitation curve of the diode laser and a wavelength spectrum




































Figure 3.9: (left panel) An excitation curve of the diode laser. The solid line shows a linear
fitting function. (right panel) Typical wavelength spectrum of the laser output. The FWHM of
linewidth is about 0.2 nm.
The laser power was measured with a power meter (PM150-50, Molectron Detector
Inc.). The relation between the output power and the input current was evaluated as
1.54 W/A from a linear fitting. The wavelength spectrum was measured with an optical
spectrometer (HR4000, Ocean Optics Inc.)
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Optical System
In the SEOP method, Rb atoms are optically pumped by circularly polarized light. To
make output laser light from the diode laser circularly polarized, an optical system is
applied for our target system. The optical system consists of a polarizing beam splitter
(PBS), quarter-wave plates (λ/4 plate, QWP) and other optical elements (mirrors and
lenses). Laser light is collimated using a convex lens, since the laser light emitted from the
fiber is divergent. Subsequently, the collimated light is vertically reflected by a mirror and
separated into two linearly polarized components (P-polarized light and S-polarized light)
by passing through a PBS. A PBS transmits P-polarized light and reflects S-polarized light.
Note that P (S)-polarization means the electric field of light is parallel (orthogonal) to the
plane of incidence. A QWP is an optical element which generates a phase difference of
π/2 between the phases of linear polarized light transmitted along the slow and fast axis.
Therefore, when the direction of polarization of the incident light is at an angle of 45◦
to the axis of a QWP, the exiting light is circularly polarized. The P-polarized light was
circularly polarized by passing through the QWP (#1). The S-polarized light reflected by
the PBS is again reflected by another mirror (#2) toward the target cell and is converted
into circularly polarized light by the QWP (#2). With this optical system, almost all of
the laser light can be converted to circularly polarized light for optical pumping. Fig. 3.10
shows the optics system used in this work.
3.2.3 Coils
The polarimetry device consists of main coils, drive coils, an EPR coil, and pick-up coils,
as shown in Fig. 3.5
A static magnetic field is provided by the main coils to define a quantization axis of
3He nuclear spins. A Helmholtz coil pair is used as the main coils to provide a uniform
magnetic field for the target cell. The gradient field coils are a pair of circular coils just
like a Helmholtz coil, but each coil is slightly tilted. The gradient field coil is used to add a
little inhomogeneity to the static magnetic field to suppress a “masing effect”. The masing
effect is caused by a non-linear coupling between the precession of the magnetization of
polarized 3He nuclei and a coil for detecting NMR signals. It is reported that the masing
effect is suppressed by adding a field gradient [110].
Drive coils are also a Helmholtz coil pair that is placed for AFP-NMR to generate a
uniform RF magnetic field orthogonal to the static field (see Sec. 3.3 for AFP-NMR).
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Figure 3.10: Side view and Front view of the optical system to produce the circularly polarized
light. This optical system was covered with dustproof aluminum plates.
EPR coil is also used to provide an RF magnetic field for Alkali-metal-EPR polarimetry
which is described in Sec. 3.4. This coil is located near the pumping chamber inside the
oven.
Two pick-up coils are used for the detection of NMR signals induced by the precession
of the magnetization of polarized 3He nuclei. One (Pick-up coil (T)) is installed to cover
the target chamber, and the other (Pick-up coil (P)) is located outside the oven. These
pick-up coils are placed orthogonal to both drive and main coils. We adopt an enameled
copper wire with a diameter of 0.2 mm for the pick-up coil for the target chamber. As the
pick-up coil for the pumping chamber is attached to the oven, an insulated Manganin wire,
whose resistance is much less temperature dependent than copper in addition to its non-
magnetic property, is used. The diameter of the wire is 0.25 mm. We used non-magnetic
coaxial cables for the inputs and outputs of the coils. The specifications of these coils used
for polarimetry are shown in Table 3.4.
3.3 Adiabatic Fast Passage NMR
Adiabatic fast passage (AFP)-NMR is a method to flip the direction of the 3He polarization
with a small polarization loss. We also used AFP-NMR to measure the relative polarization
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Table 3.4: Specifications of the coils used for polarimetry.
Drive coils EPR coil Pick-up coil (T) Pick-up coil (P)
Coil diameter [mmϕ] 450 100 46 92
Wire diameter [mmϕ] 1 1 0.2 0.25
Number of turns 50 (each coil) 3 220 100
DC resistance [Ω] 3.4 (both in series) 0.4 18 272
Inductance [µH] 6.1 (both in series) 3.2×10−3 3.6 2.3
of 3He during the scattering experiment. In this section we briefly describe principles of
AFP-NMR and AFP-NMR system.
3.3.1 Principles of the AFP-NMR Measurement
Under the presence of a static magnetic field B, the magnetization of 3He nuclei M
precesses around the direction of the magnetic field (z axis). Thus, the equation of motion
for M is expressed as,
dM
dt
= γ3HeM ×B, (3.29)
where γ3He is the gyromagnetic ratio of
3He. Here, we consider a reference frame rotating
around the z-axis at an angular frequency ω. In this rotational frame, the equation of












Therefore, the effective magnetic field Beff in which the magnetization M precesses is
expressed as,




We consider the case that a radio frequency (RF) field having an amplitude of 2B1 and an
angular frequency of ω is applied in a direction perpendicular to the z axis. The RF field
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Under the presence of static and RF fields, the effective magnetic field in the rotating










where e′x = ex cos(ωt) + ey sin(ωt) is a unit vector in the reference rotating coordinate







where we use ω = 2πf . f is a frequency. Sweeping the magnitude of the holding field
through the resonance, we can reverse the sign of the z component of the effective magnetic
field in the rotating frame. Thus, if the sweeping speed is slow enough, 3He spins can follow
the effective magnetic field adiabatically, resulting in the reversing the z direction of the
3He polarization.
In order to minimize the depolarization of 3He by the AFP-NMR, one has to satisfy
the following three conditions.
1. Adiabatic condition
The rate of change of the holding field strength (passing through B0) has to be
slow enough for 3He spins to follow the effective magnetic field. Thus, the adiabatic





≪ |γ3He|Beff . (3.35)
The magnitude of the effective magnetic field takes minimum at the resonance. The






2. Fast passage condition
The rate of change of holding field must be faster than the longitudinal spin relaxation
time (T1) as well as the transverse relaxation time (T2). We have assumed that the
longitudinal relaxation T1 is dominant because T1 becomes shorter than T2 at the
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where D3He is the diffusion constant of the
3He nuclear spin. Therefore, the fast










The effective magnetic field should be parallel to the holding field before and after
the sweeping. The reversing condition can be expressed as,
|B −B0| ≫ B1. (3.39)
We put two coils at the target chamber and the pumping chamber to detect the NMR
signal voltage induced by the precession of the 3He nuclear magnetization. The signal
voltage is expressed as,





· cos(ωt) + VBG, (3.40)
VNMR = ηnωµ0QMA, (3.41)
where VNMR is the amplitude of the induced voltage, and VBG is the background. η is the
filling factor to correct for the finite length of the target chamber which covered by the
pick-up coil. For an infinitely long target chamber, η = 1. n is the number of turns of
the pick-up coil. µ0 is the vacuum permeability and A is the cross-sectional area of the
pick-up coil. Q is the Q-value of the detecting system including the pick-up coil. M is the





where g3He is the g-factor of
3He nucleus and µN is the nuclear magneton. P3He and
N3He are the
3He polarization and the number of 3He nuclei, respectively. Hence, VNMR is
proportional to the 3He polarization P3He. However, it is difficult to determine the absolute
value of 3He polarization because it is almost impossible to obtain the exact values of η.
Only relative values are obtained by AFP-NMR, so we perform calibrations of the NMR
signal by other methods as described in Sec. 3.4 and Sec. 3.5.
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Table 3.5: Typical AFP parameters.
RF frequency 85 kHz
B0 2.62 mT
Sweeping range 1.24 − 2.95 mT
Sweeping rate 0.096 mT/sec
B1 ∼ 2 µT
3.3.2 AFP-NMR Measurement System
AFP-NMR measurement was performed by using the apparatus shown in Fig. 3.11. The
system is controlled by a Windows PC running LabVIEW programs. The static magnetic
field is produced by the main coils and gradient field coils that are driven with a DC
power supply (PAN160-7A, Kikusui Electronics Co.). The output current from the DC
power supply is controlled by external voltage, which is provided by a function generator
(WF1974, NF Co.). We use another function generator (FG120, Yokogawa Test & Mea-
surement Co.) as a source of the RF current that is provided to the drive coil through
an RF amplifier (T145-4016A, Thamway Co.). To obtain a sufficient strength of the RF
magnetic field so as to satisfy the AFP conditions, the impedance of the drive coil circuit is
minimized by using a resonance capacitor. The induced NMR signals in the pick-up coils
are detected on lock-in amplifiers (SR830, SRS Inc.). For the pick-up coil at the target
chamber, we use another resonance capacitor in parallel with the circuit to maximize the
signal gain. The background VBG in Eq. (3.40) is primarily a sine wave voltage induced
in the pick-up coil directly by the RF field. Thus, its frequency is exactly the same as
the RF, but the amplitude and phase slowly fluctuate due to tilting of the pick-up coil.
We subtract the background at the lock-in amplifier inputs by adding a sine wave voltage
whose amplitude and phase are tuned so as to minimize the mixed voltage just before
every NMR measurement. Typical AFP parameters are summarized in Table 3.5 and a
typical NMR signal is shown in Fig. 3.12. The NMR signal height for the target chamber
is obtained by fitting with the coefficient part of the first term and the second term of
Eq. (3.40). We take errors of the signal heights from the uncertainty of the fitting results,
which is ∼ 4 % of the signal height.
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Figure 3.12: Top panel shows a typical AFP-NMR signal. Bottom panel shows the static magnetic
field sweep.
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3.4 Electron Paramagnetic Resonance of Alkali Met-
als
The 3He polarization can be evaluated from the frequency shift of the electron paramagnetic
resonance (EPR) of alkali metals. As discussed in the previous section, it is typically needed
to perform the calibration of the AFP-NMR by the other method. We have performed the
EPR measurement to calibrate the NMR signal. In this section, we describe principles of
the EPR measurement and its system.
3.4.1 Principles of the EPR Measurement
In the presence of an external magnetic field, the energy levels of an atom which has an
unpaired electron are split into Zeeman sublevels by its quantum numbers. When an RF
field with a frequency corresponding to the energy gap between Zeeman sublevels is applied,
a transition occurs between the levels. This is called electron paramagnetic resonance or
EPR.
The ground states for alkali metal atoms have hyperfine structure as for their angular
momentum (F,mf ). The energy levels of the ground state are given by the Breit-Rabi
formula [112] as,


















where I is the nuclear spin, µB is the Bohr magneton, B0 is the static magnetic field,
gI is the nuclear g-factor, and gJ is the g-factor of the total angular momentum J of
the electron. ∆W = Ahfs(I + 1/2) is the hyperfine splitting in the absence of an external
magnetic field, Ahfs is the magnetic dipole constant. By the optical pumping with circularly
polarized (σ+) light, alkali metal atoms are populated in (F,mF = (3,+3)) state for
85Rb
or (F,mF = (2,+2)) for
39K according to the selection rule of angular momenta.
EPR 3He polarimetry is based on the Zeeman energy shifts, resulting in the EPR
frequency shifts. The shifts are caused by two effects. The spin exchange between alkali
metal atoms and 3He nuclei, and the other is the classical magnetic field produced by the
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where ∆νSE is the frequency shift per unit magnetic field, BSE is the effective magnetic
field generated by the spin exchange interaction, ge is the g-factor of electron spin, and
⟨Kz⟩ is the z-component of the 3He nuclear spin. Note that P3He = ⟨Kz⟩ /K. KSE is a
frequency shift parameter which is defined as the ratio of the imaginary and real parts of














where BM is the magnetic field created by polarized
3He nuclei when we assume that
the magnetization is spherically uniform, µ0 is the vacuum permeability and µ3He is the
magnetic moment of 3He nuclei. The total frequency shift then becomes
















where κ0 is a dimensionless constant which depends on temperature. κ0 has been measured
for 85Rb up to 350◦C and 39K up to 230◦C, respectively [114,115];
κRb0 = 6.39 + 0.00914 (T − 200 [◦C]) ,
κK0 = 5.99 + 0.0086 (T − 200 [◦C]) .
(3.48)
Consequently, the EPR frequency shift can be expressed as,


























Although the EPR frequency is 1-10 MHz in our conditions, a typical frequency shift is
only 1-20 kHz. In order to isolate the frequency shift due to the polarized 3He, we reversed
the 3He polarization by using the AFP-NMR method and measured the difference in the
EPR frequency between the two opposite polarization states.
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3.4.2 EPR Measurement System
If we apply an RF magnetic field with a frequency corresponding to the ∆mF = 1 transi-
tion, the alkali metal atoms transition into the (F,mF −1) state. In the case of AH-SEOP,
besides the 85Rb transition, 39K can be transitioned when the corresponding RF field is
applied. Applying an RF field corresponding to the transition energy of 39K depolarizes
both 39K and 85Rb polarizations accordingly. Then, Rb atoms absorb the circularly po-
larized light and are excited to the P1/2 state. Some of the excited Rb atoms are further
excited to the P3/2 state by collisions with other atoms. Although most of the excited
atoms non-radiatively transition to the ground state by the N2 buffer gas, a small part of
the atoms decays with photon emissions at D1 and D2 lines. The fluorescence intensity is
the minimum during the optical pumping, where the alkali metal polarization is saturated,
but it instantaneously increases once an RF field at the transition energy is applied. The
EPR frequency can be determined by monitoring the fluorescence intensity change with a












Figure 3.13: Schematic figure of the EPR measurement system.
Fig. 3.13 shows the EPR measurement system [116]. The RF magnetic field is generated
by an EPR coil, which has three turns with a diameter of 10 cm. The EPR coil is placed
near the pumping chamber inside the oven. We detect the emitted photons by using
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a photodiode (S2387-1010R, Hamamatsu Photonics K.K.) and a band pass filter at the
Rb D2 line (VPFIT-12.5C-7800, SIGMAKOKI Co., Ltd.) to exclude the pumping laser
light which has the same frequency as the D1 line of Rb. The photodiode is connected to a
current-to-voltage converter (T-IVA001BZ, Turtle Industry Co., Ltd.). The output voltage
of the converter is recorded on a digital oscilloscope (PicoScope 5243A, Pico Technology
Ltd.). We also use this digital oscilloscope as a function generator for the RF magnetic field.
The RF frequency is modulated with a triangle wave in the build-in function generator.
The digital oscilloscope is controlled by a computer (RaspberryPi), and the recorded data
is transferred to it. We perform phase-sensitive detection of the input voltage referenced
to the modulation frequency on the RaspberryPi. Using the result of the phase-sensitive
detection, we also perform a feed-back control so that the center frequency of the modulated
RF matched the EPR frequency, and the averaged values of the center frequency are






















Figure 3.14: Typical result of the EPR frequency shift measurement. Red (blue) dots correspond
to the state of the 3He polarization.
As described above, we measured the EPR frequencies between the two polarization
states to isolate the frequency shift due to the 3He polarization. The direction of 3He spins
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was reversed by the AFP-NMR method.
A typical result of the EPR measurement is shown in Fig. 3.14. The frequency difference
between the two polarization states corresponds to 2∆ν. The EPR frequency shift 2∆ν
was determined as,
2∆ν = 15.060 ± 0.014[MHz]. (3.51)
The EPR frequency shift was obtained with an error of less than 0.1 %, which mainly came
from the fluctuations of the static magnetic field.






The uncertainties of the 3He polarization obtained from the EPR measurement mainly
came from the indefiniteness of the target temperature and the number density of 3He and
they were 2.9 % for the results. Relevant constants and the conditions of the measurement
are shown in Table 3.6.
Table 3.6: Parameters and the constants relevant to ESR frequency shift measurement.
µ0 1.257 × 10−6 [H/m]
h 6.626 × 10−34 [J·s]
µb 9.270 × 10−24 [J/T]
gS 2.002
µ3He 1.075 × 10−26 [J/T]
A 2.308 × 108 [Hz]
I (39K) 3/2
B0 1.29 × 10−3 [T]
T 244 ± 5 [◦C]
[3He] (8.04 ± 0.21) × 1025 [m−3]
3.5 Measurement of the Thermal Neutron Transmis-
sion for the Polarized 3He
We performed a direct measurement of the absolute 3He polarization of the target chamber
by a technique based on thermal neutron transmission. This experiment was carried out
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at RANS (RIKEN Accelerator-driven compact Neutron Sources), RIKEN. In this section,
we describe principles of the measurement and the detail of the experiment.
3.5.1 Principle of Measurement
Neutron transmission for polarized 3He nuclei Tn can be written as,
Tn = e
−o cosh (P3Heo) ,
o = σabsn3Hed,
(3.53)
where o is the opacity, σabs is the spin-averaged neutron absorption cross section for
3He,
n3He and d are the number density and the thickness of
3He, respectively. The contribution
of elastic scattering to the total cross section is negligible at energies of our interest [117].
σabs has been measured precisely by Keith et al. at low energies (0.1–400 eV) [118], and
described with neutron energy En as,
σabs =
(

















where Tn,0 is the neutron transmission for the unpolarized
3He gas. Thus, the 3He polar-
ization of the target chamber can be obtained from the ratio of Tn to Tn,0. In addition,





3.5.2 Outline of Measurement
The measurement of the absolute 3He target polarization was performed at RIKEN Accelerator-
driven compact Neutron Source (RANS) [119]. Fig. 3.15 shows the experimental setup of
thermal neutron transmission measurement. A Be target is irradiated with a pulsed pro-
ton beam which is accelerated by a linear accelerator (Linac), and neutrons are generated
by the Be(p,n) reaction. The proton beam conditions are summarized in Table 3.7. The
neutrons produced in the Be target were thermalized by a polyethylene moderator. The
energy distribution of the neutrons has two peaks at around 1.5 MeV and 50 meV [119].
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B4C Slits RANS Target StationBorated Polyethylene
Shielding
4.56 m
Figure 3.15: Experimental setup of the neutron transmission measurement at RANS.
Table 3.7: Conditions of the proton beam.
Energy 7 MeV
Current 20 µA
Pulse repetition rate 125 Hz
Pulse width 20 µsec
The neutrons exited from the RANS target station through the beam line surrounded by
borated polyethylene. The polarized 3He target was installed downstream of the neutron
beam line. We also installed B4C slit collimators before and after the polarized
3He target
to define the thermal neutron path through the center of the 3He target cell. The trans-
mitted neutrons were detected using a two-dimensional position detector which consists of
a ZnS(Ag)/6LiF scintillator and a position sensitive photo-multiplier tube [120]. Specifica-
tions of the neutron detector are shown in Table 3.8. The neutron energy was determined
by the time-of-flight (ToF) between a signal from the proton linac and the event trigger of
the detector. The distance from the moderator surface to the detector was 4.56 m. During
the experiment we monitored the average current of the proton beam by measuring the
voltage induced by the beam pulses using a 50 Ω resistance connected to the Be target.
We performed the neutron transmission measurements under several experimental con-
ditions as follows:
(A) Neutron beam intensity measurement
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(B) Transmission measurement for a blank cell
(C) Transmission measurement for the polarized target
(D) Transmission measurement for the unpolarized target cell at under the
operating conditions
(E) Transmission measurement for the unpolarized target cell at room tem-
perature
(F) Background measurement
The measurements (A) and (B) were used for estimating the neutron transmission for
GE180 glass of the cell. The measurements (C) and (D) were used to determine the 3He
polarization using Eq. (3.55). The transmission measurement (C) was continued for three
days after the start-up of the optical pumping until the 3He polarization was saturated since
the polarization build-up time was 10 hours. During the measurement (D), we performed
the ”bad”AFP spin flip at short periods (a few minutes) to maintain unpolarization.
Sweeping the static magnetic field while applying the RF field which has very small ampli-
tude, 3He nuclei are imperfectly spin flipped by AFP-NMR with these bad AFP conditions.
The 3He number density of the cell at temperature equilibrium was obtained by the mea-
surement (E). For the measurement (F), we placed a B4C mask with a thickness of 13 mm
between the target cell and the neutron detector to shut off thermal neutrons.
Table 3.8: Specifications of the neutron detector.
Scintillator Material ZnS(Ag)/6LiF
Thickness 0.25 mm
Photo-multiplier tube Model R3292 (Hamamatsu Photonics K.K.)
Effective area ϕ = 90 mm
Efficiency 30 % (for cold neutron)
Position resolution 0.8 mm (FWHM)
3.5.3 Data Analysis and Results
The neutrons which passed through the 3He target were determined using the position and
ToF information of the neutron detector. The neutron transmission for the 3He gas in a
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The subscripts 3He, Blank, and BG denote the measurements for a 3He cell, a blank cell,
and the background, respectively. Note that N3He, NBlank, and NBG are each normalized by
the proton beam intensity. Fig. 3.16 shows typical two-dimensional plots of the detected
neutron positions for each measurement. The neutrons passed through the B4C slit colli-
mator of an area of 10 × 10 mm2 can be clearly seen. We selected neutrons with positions
in a ϕ9 mm circle as shown in Fig. 3.16.
Figure 3.17 shows typical ToF spectra of detected neutrons which were selected by the
position gate as shown in Fig. 3.16. The normalization was performed by using the proton
beam current. As shown in Fig. 3.17, slow neutrons (ToF ≳ 3000 µs) are completely
absorbed by the 3He gas. It can also be seen that much more neutrons are detected
for the polarized 3He target (magenta) than those for the unpolarized 3He target (blue).
In addition, fast neutrons can penetrate through the B4C slit collimators, which cause
uncertainties in the neutron transmission. Therefore, we roughly gated in the range from
En =10 meV (ToF ∼ 3300 µsec) to 600 meV (ToF ∼ 430 µsec) to eliminate these neutrons.
Figure. 3.18 shows projected positions onto the x axis of detected neutrons. The fast
neutrons (En > 20 eV) are rejected by ToF. In Fig. 3.18, it is clearly seen that the number
of neutrons passed through the 3He cell (blue and magenta) decreases due to the absorption
by 3He gas compared to the blank cell (red).
Figure 3.19 shows the energy dependent neutron transmissions for the unpolarized 3He
gas in the target chamber Tn,0 and the fully polarized
3He gas Tn. Only the statistical
errors are shown in the figure. Using Eq. (3.55) and taking the weighted average value,
the absolute 3He polarization of the target chamber was obtained as,
P = 0.345 ± 0.007(sta) ± 0.002(sys), (3.58)
with the statistical error of 2.0 %
The systematic error of the neutron transmission Tn comes from the uncertainty of the
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3He Cell Blank Cell
Direct Beam B.G.
Figure 3.16: Typical two-dimensional plots of the detected neutron positions of the transmission
measurement for the 3He cell (upper left) and the blank cell (upper right), the direct beam
measurement (bottom left) and the background measurement (bottom right). The fast neutrons
(En > 20 eV) are rejected by ToF. The neutrons within the red solid circles, diameters of 9 mm,
are used for the analysis.
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Figure 3.17: Typical time-of-flight (ToF) spectra for the transmission measurements of the blank
cell (red), the polarized 3He cell (blue), the unpolarized 3He cell (magenta) with the direct beam
(navy) and background (green) measurements. These events are selected by the position gate as
shown in Fig. 3.16. The number of counts are each normalized by the proton beam intensity.
The vertical dashed lines represent the rough cuts to eliminate the slow and fast neutrons.














Figure 3.18: Projections of the detected neutron positions onto the x-axis for each measurement.
The fast neutrons (En > 20 eV) are rejected by ToF, and the counts are normalized by the proton
beam intensities. The colors of the lines are the same as in Fig. 3.17.
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where α is the normalization factor extracted from the proton beam intensity. The error
of the normalization factor was evaluated from the deviation of the proton beam current
































∆Tn/Tn = 0.2 % and ∆Tn/Tn = 0.4 % from the uncertainty of the proton intensity during













Tn   (Polarized)
Figure 3.19: Energy dependence of the neutron transmission. The blue (red) dots show the data
using the polarized (unpolarized) target cell.
Fig. 3.20 shows the evaluated 3He number densities to the neutron energy for the
conditions where the laser and oven are either both on or both off. Only the statistical
errors are shown in the figure. It can be seen that the 3He number densities of the target
chamber increase by heating the pumping chamber with the laser and oven where the target
chamber is kept essentially at room temperature. We discuss the systematic errors of the
3He number density as follows. The sources of the systematic error are: the neutron energy
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determination, the inner length of the target chamber and the proton beam intensity. Using























The neutron absorption cross section of 3He depends on the neutron energy En as in
Eq. (3.54). In this measurement, the detected thermal neutrons are slow enough and can










where mn is the neutron mass, L is the is the distance from the moderator surface to the





























Figure 3.20: Result of the extracted 3He number densities. The green (red) dots represent for
both laser and oven off (on). The green (red) line is the weighted average value which was
obtained from a fitting result.
%. The systematic error of the absorption cross section is caused due to the uncertainty
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The uncertainty of the ToF was taken from the proton beam pulse width and the
moderation time of neutrons. The pulsed proton beam had a time width of 20 µsec. And
The moderation time was estimated to be 30 µsec for thermal neutrons by Ikeda et al. [119].
Thus, the uncertainty of the ToF become ±25 µsec as the sum of these time width. In
this work, we selected neutrons in an energy range of 20 to 120 meV to evaluate the 3He
number density with sufficient statistical accuracy. We take this systematic error to be 2.4
% at the maximum because the ToF is about 1070 µsec at 120 meV (including RF offset
120 µsec). Previous studies have been conducted carefully on the uncertainty of the inner
length of the target chamber which was estimated as 1.1 % [77,121].
To extract the 3He number densities, we take the weighted mean value. The 3He number
density at temperature equilibrium was obtained as the weighted average value;
n3He =
(







We also evaluated the 3He number density of the target chamber under the operating
condition in the same manner as,
ntc =
(







The systematic errors on the evaluation of the 3He number density are listed in Table 3.9.
The systematic error on the 3He number density is dominated by the uncertainty of the
neutron energy but small enough for the spin observable measurement (Sec. 4.2.1)
Table 3.9: Systematic errors of the 3He number densities.
Source
Absorption cross section 2.4 %
Inner length 1.1 %




Measurement of Spin Observables for
p-3He Elastic Scattering
In this chapter we describe the measurement as well as the data analysis of the spin
observables : the spin correlation coefficient Cy,y, the proton analyzing power Ay, and
3He
analyzing power A0y for p-
3He elastic scattering at 100 MeV.
4.1 Outline of the Experiment
The measurement of the spin observables for p-3He elastic scattering was performed in
the East experimental hall of the RCNP (see Fig. 2.1 in Section 2). This experiment was
conducted using both a polarized proton beam and the polarized 3He target system at
the ENN beam line. Figure 4.1 shows the schematic layout of the ENN beam line. The
polarized proton was provided by the HIPIS. It was accelerated up to 21.9 MeV by the
injector AVF cyclotron, and then up to 100 MeV by the Ring cyclotron. The beam was
transported to the East experimental hall. The polarized 3He target and detector system
was newly installed just downstream of the doublet quadrupole magnets (QM9D-ENN).
The layout of the experimental setup is shown in Fig. 4.2. To separate the vacuum, the
beam ducts upstream as well as downstream of the target were sealed by Havar foils with
thickness of 10 µm. The elastically scattered protons from the 3He target were detected
by the ∆E-E type counter telescopes. The counter telescopes were placed symmetrically
in left and right positions in the horizontal plane around the target. A double-slit system
was applied to suppress the background effect. The measured angles were θlab. = 35
◦–135◦
in the laboratory system which correspond to θc.m. = 46.9
◦–149.2◦ in the center of mass
system. For reference, Fig. 4.3 shows the relation between the scattering angles in the
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center of mass system θc.m. and the angles in the laboratory system θlab. and the relation
between the kinetic energies of scattered proton and recoil 3He in the laboratory system
and the scattering angle in the center of mass system θc.m. for p-
3He elastic scattering at 100
MeV. The beam polarization was monitored by using the beam line polarimeter installed
downstream the polarized 3He target. The charge collection of the beam was performed by
using a Faraday cup located at the end of the ENN beam line. The polarized proton beam
and the polarized 3He target spins were reversed frequently during the measurement. The
proton polarization state was toggled between the spin-up state and the spin-down state
every 5 seconds. The spin direction of the polarized 3He target was flipped every hour by
the AFP-NMR method. To estimate background contributions, the measurement with a
blank cell was also performed. The blank cell which contains a small amount of N2 gas has
almost the same dimension to that of the 3He target cell. The experimental conditions are












BM : Bending magnets




Figure 4.1: Layout of the ENN beam line in the east experimental hall. The polarized 3He target
were installed downstream of doublet quadrupole magnets QM9D-ENN.
96
4.1 Outline of the Experiment Chapter 4
Counter Telescopes (Left Side)
Counter Telescopes (Right Side)
Target Cell
To BLP, Faraday Cup
Al-Ducts
Havar Foils (10 μm)
Proton Beam
~ 2 m
Figure 4.2: Schematic view of the experimental setup around the polarized 3He target.
Table 4.1: Experimental conditions for the measurement of the spin observables.
Observables Ay, A0y, Cy,y
Incident particle Polarized proton
Incident energy Ep 100 MeV
Beam intensity 30 nA
Beam polarization 45–50 %
Target polarized 3He gas (∼2 mg/cm2)
Target polarization 30–38 %
Detectors ∆E-E detectors ( plastic + NaI(Tl))
Measured angles θlab. 35.0–135.0 deg
Measured angles θC.M. 46.9–149.2 deg
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Figure 4.3: Upper panel shows the relation between the scattering angles of proton and 3He in
the laboratory system θlab. and the scattering angle in the center of mass system θc.m.. Lower
panel shows shows the relation between the kinetic energies of proton and 3He in the laboratory
system and the scattering angle in the center of mass system θc.m..
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4.2 Experimental Setup
4.2.1 Polarized 3He Target
The polarized 3He target system was installed at the ENN beam line. During the mea-
surement, the 3He polarization was monitored by using the AFP-NMR method. Also the
direction of the 3He nuclear spin was flipped every hour. The data taking for p-3He elastic
scattering was conducted in the following sequence: the scattering data were collected for
about 1 hour with the target spin in one direction, an AFP-NMR measurement was taken,
the spin was flipped, and then the data collection proceeded with the spin in the other
direction.
We performed a calibration of the 3He polarization at the target chamber during the
experiment in the following procedure. First, by the neutron transmission measurement at
RANS (see Sec. 3.5), we have obtained the results of the calibration for the 3He polarization
P at the target chamber that the K-EPR frequency shift at the pumping chamber is
equivalent to the target polarization. Then at RCNP before the measurement of the
p-3He scattering we simultaneously measured the K-EPR frequency shift and the AFP-
NMR signal height V tcNMR at the target chamber. By taking into account the difference in
temperature of the pumping chamber measured at RCNP and RANS, the polarization of
the 3He was extracted. The ratio of the NMR signal height V tcNMR to the absolute value of
the 3He polarization pTy was obtained as,
pTy = (5.82 ± 0.36) × 10−3 · V tcNMR [mV]. (4.1)
The obtained results for the EPR measurements at RANS and RCNP, and the 3He polar-
ization P at the target chamber are summarized in Table 4.2. During the measurement
of the p–3He scattering we monitored the 3He polarization by measuring the AFP-NMR
signal height every hour. The uncertainty of the target polarization was estimated within
6.2 % which came from the uncertainties of the 3He target temperature in the EPR mea-
surement (4.2 %), the target polarization obtained in the thermal neutron transmission
measurement at RANS (2.0 %), and the errors of the AFP-NMR signal heights (4.1 %).
Figure 4.4 shows the 3He polarization of the target chamber during the measurement.
The red (blue) points denote the spin-up (spin-down) state of the 3He polarization. The
uncertainties from the calibration result of the AFP-NMR signal are also shown in the
figure. The 3He polarization suddenly dropped at 12:00 pm on 21 November 2018. It is
due to the fact that the laser operation was stopped accidentally. As for this we restarted
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Figure 4.4: 3He polarization measured by the AFP-NMR method during the experiment. The
red (blue) circles show the spin-up (down) state of the 3He polarization.
Table 4.2: results for the EPR measurements at RANS and RCNP, and the 3He polarization P
at the target chamber
RANS RCNP
EPR frequency shift ∆ν [MHz] 15.060 ± 0.014 15.439 ± 0.016
Polarization at the target chamber P 0.345 ± 0.007 –
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the laser operation immediately. The maximum and average values of the 3He polarization
of the experiments are 0.379 and 0.340, respectively. After the measurement of the spin
observables, we performed the measurement with the unpolarized 3He target to estimate
the false asymmetry of elastically scattered protons from the target.
4.2.2 Beam Line Polarimeter
At around 100 MeV there exists few known analyzing reactions for the polarized proton.
Therefore, in this experiment, we at first measured the polarization of a proton beam
by using a polarimeter installed in the N-course beam line prior to acceleration by the
Ring cyclotron. The analyzing reaction is p–12C elastic scattering at 21.9 MeV [81]. We
assumed that depolarization was small during acceleration of the beam. We then performed
the calibration measurement for the beam line polarimeter at the ENN beam line by using
the obtained proton beam polarization. The reaction we applied was p-d elastic scattering.
The obtained proton analyzing power is consistent within a statistical uncertainty to the
result at incident energy nearby (Ep = 108 MeV) [122].
During the measurement of p–3He elastic scattering the beam polarization was mon-
itored by the beam line polarimeter at the ENN beam line. The beam line polarimeter
system in the N-course beam line is the same type as was used in the measurement at the
WS course beam line (see Sec. 2.2.2). Here we describe the beam line polarimeter (BLP)
system installed at the ENN beam line. Schematic view of the BLP at the ENN beam
line and the detector layout are shown in Fig. 4.5 and 4.6, respectively. The deuterated
polyethylene (CD2) target with thickness of 10 mg/cm
2 was used as a deuteron target.
The detector set consisted of two pairs of plastic scintillator counters (BC-408) coupled
with photomultiplier tubes (H7415, Hamamatsu Photonics K.K.). They were placed sym-
metrically in left and right directions. The scattered proton at θplab. = 70
◦ and the recoil
deuteron at θdlab. = 40
◦ were detected in a kinematical coincidence condition. For the pro-
ton detector, a ϕ3 mm collimator was attached to limit the solid angle. Specifications of
the BLP are summarized in Table 4.3.
4.2.3 Detectors for p-3He scattering
Elastically scattered protons from the 3He target were detected by ∆E–E type counter
telescopes. The telescopes were placed symmetrically in left and right positions around
the polarized 3He target as shown in Fig. 4.2. Each counter telescope consisted of a plastic
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Figure 4.5: Schematic view of the beam line polarimeter (BLP). The figure shows two pairs of
plastic scintillator counter which are set in the horizontal plane.
Φ3 mm
PMT (H7415)
190 mm from target center
Shielding (Brass : 25mmt)
BC-408 + Light Guide
200 mm
Figure 4.6: Schematic figure of the plastic scintillator counter and its shielding of the beam line
polarimeter at the ENN beam line.
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Table 4.3: Specifications of the BLP at ENN beam line.
Target　 CD2
Target thickness nt 10 mg/cm
2
Scintillator Plastic (BC-408)
Scintillator size 20W × 35H mm
Scintillator thickness 20 mm
PMT H7415 (Hamamatsu Photonics K.K.)
Solid angle ∆Ω 0.15 msr
Scattering angle θplab. 70.0
◦
Scattering angle θdlab. 40.0
◦
Scattering angle θc.m. 99.34
◦
Analyzing power Ay −0.608 ± 0.023
scintillator and a NaI(Tl) scintillator. The NaI(Tl) scintillator was the same type as was
used for the cross section measurement. The NaI(Tl) scintillator coupled with a PMT
was applied to measure the total energy of charged particles. For the plastic scintillators
(BC-408), different thickness, namely 0.5, 1.0, and 2.0 mm, were applied depending on
the measured angles. A plastic scintillator coupled with a PMT was used to measure the
energy loss of charged particles. The layout of the ∆E–E counter telescope set is shown
in Fig. 4.7.
A double slit system which was made of 25-mm thick brass was used to define the
target volume and the solid angle for each counter telescope. We prepared different pairs
of the double slit system. We used collimator sets with small radii (a pair of ϕ5.0 mm and
ϕ10.0 mm) for the measurement of the forward angles and those with larger radii (a pair of
ϕ10.0 mm and ϕ20.0 mm) for the measurement of the backward angles. The specifications
of the counter telescopes and double-slit system are summarized in Table 4.4.
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Side View
Top View
704.5 mm from target center
404.5 mm from target center NaI (Tl) + PMT (H7415)
BC-408 + PMT (H7415)Collimators (Brass : 25mmt)
Figure 4.7: Schematic layout of ∆E–E counter telescope set for the measurements of the p-3He
elastic scattering. at the ENN beam line.
Table 4.4: Specifications of the detector sets and double-slit collimators.
∆E detectors E detectors
Scintillator BC-408 NaI(Tl)
Scintillator size 22W × 35H 31W × 31H
Scintillator thickness 0.5, 1.0, 2.0 mm 50 mm
PMT HAMAMATSU H7415
Collimators
1st slit 2nd slit
Material Brass (thickness : 25 mm)
Distance from Target 404.5 mm 704.5 mm
Opening diameter 1 ϕ5.0 mm ϕ10.0 mm
Opening diameter 2 ϕ9.0 mm ϕ20.0 mm
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4.2.4 DAQ system
The schematic diagram for a trigger circuit is illustrated in Fig. 4.8. In this experiment
the trigger of the data acquisition system was a sum of,
1. coincidence signals of pairs of the ∆E and E counters for p-3He scattering
2. coincidence signals of pairs of the BLP detectors
The schemes of digitization of the analog signals as well as encoding the pulse height
information and the timing information for the detectors used were basically the same as
those for the measurement of the cross section (see Sec. 2.2.5). The digitized data were





























OR (∆E-E counters, BLP detectors)
Figure 4.8: Schematic diagram of the trigger and DAQ circuit.
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4.3 Data Analysis
4.3.1 Extraction of Beam Polarization
The proton beam polarization was obtained by using the beam line polarimeter (BLP).
Figure 4.9 shows a typical two-dimensional scatter plot of the light outputs obtained by























Figure 4.9: Typical two-dimensional scatter plot of the light outputs obtained by the forward
(horizontal axis) and backward (vertical axis) plastic scintillator counter of the BLP. The vertical
dashed lines are the gate for event selection.
the forward and backward plastic scintillator counter of the BLP. The coincidence events
of the p-d elastic scattering are clearly seen in the center of the figure. The events selected
by the gate which is shown in Fig. 4.9 were projected onto the vertical axis.
Fig 4.10 shows a spectrum of light outputs obtained by the projection of the detected
events onto the vertical-axis in Fig. 4.9. The signals of p-d elastic scattering are clearly
seen at around 700 ch. The p-d elastic events were selected by a Gaussian fit and then
counting the events in the range of ±3σ for the peak obtained with each counter of the
BLP.
The yield asymmetry was extracted by using the yields of p-d elastic scattering. The
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Figure 4.10: Typical spectrum of light outputs obtained by the projection of the detected events
onto the vertical-axis in Fig. 4.9. The vertical dashed lines are the gate for event counting.






































where L (R) denotes the yields of p-d elastic scattering for which the scattered protons
were detected by the left (right)-detector. dσ/dΩ is the unpolarized cross section, n is the
number density of the target, I is the number of the incident beams, Ay is the analyzing
power for p-d elastic scattering, py is the beam polarization, and ∆Ω is the solid angles
of detectors. The subscripts u and d refer to spin modes “up” and “down” of the beam,
respectively. The solid angles of each telescope are written as,
∆ΩL =
RdLu −RuLd
2(dσ/dΩ)n (IuRd − IdRu)
, ∆ΩR =
LdRu − LuRd
2(dσ/dΩ)n (IuLd − IdLu)
. (4.3)
The ratio of the solid angles between the left and right detectors is given by the following
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Using Eq. (4.2), and (4.4), the yield asymmetry py · Ay is expressed as,
puy · Ay =
Lu/Ru − ∆ΩL/∆ΩR
Lu/Ru + ∆ΩL/∆ΩR




Here, the ratio of the solid angles did not change throughout the experiment. Therefore,
the statistical error is reduced by using the accumulated yields and calculating the ratio
of solid angles. By using the obtained ∆ΩL/∆ΩR, the yield asymmetry is derived without
information of the number of incident beam. Figure 4.11 shows the obtained beam po-
larization during the experiment. The beam polarization dropped between the RUN 121




















Figure 4.11: Proton beam polarization which was measured at the ENN BLP during the experi-
ment. The red (blue) circles denote the spin-up (down) state of the proton beam. The red (blue)
crosses denote the proton beam polarization which was measured at another BLP located in the
upstream of the Ring cyclotron.
4.3.2 Identification of p-3He Elastic Scattering
Particle identification from the 3He gas target was performed by the ∆E-E method based
on the Bethe Bloch formula. The left panel of Fig. 4.12 shows two-dimensional light outputs
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of the ∆E and E counters at θlab. = 55
◦. Loci of protons are clearly seen and distinguished
from the other particles. We performed a linear correction of the two-dimensional plots.
We fitted the proton loci with a polynomial function and corrected them by using the
fitting results. The right panel of Fig. 4.12 shows corrected two-dimensional light outputs
of the ∆E and E counters. Particle identification was performed by making a gate for
the corrected two-dimensional plot. In addition, particle identification was carried out
by making a gate in the two-dimensional plots of the timing signal of the event trigger
with respect to the RF signal of the AVF cyclotron (ToF signal) versus the corrected light
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Figure 4.12: Two-dimensional light outputs of the ∆E-E counter telescope at θc.m. = 55
◦ in the
left panel. Right panel shows the corrected two-dimensional light outputs. The vertical dashed
lines are the ADC gate for particle identification.
Figure 4.13 shows light output spectra of the E counters obtained by projecting the
proton-gated spectra of Fig. 4.12 on the horizontal axis. The large peaks clearly seen
for all the measured angles are from the events of p–3He elastic scattering. In order to
estimate background contributions, we also measured the energy spectra by using the
blank cell which contains N2 gas. The spectra obtained with the blank cell are shown as
black lines in Fig 4.13. The peaks at the highest channels found at rather forward angles
are from elastically scattered proton events from 14N. The background spectra indicate
that background events around the p–3He elastic peaks have an almost linear structure.
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Together with this, the events seen below the p–3He elastic peaks are identified as the
inelastic p–3He scattering.
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Figure 4.13: Light output spectra of the E counters at θlab. = 55
◦, 75◦, 85◦, and 125◦. Black
lines correspond to the results obtained with the blank cell which only contains N2.
4.3.3 Event Selection
In order to extract the events from the p–3He elastic events, we performed background
subtraction. We fitted the obtained spectra with the function which consists of a gaussian
for p–3He elastic peak, a linear function for the background around the elastic peak, and
a phenomenological function for the inelastic p–3He scattering events. The fitting range
was around and slightly below the p–3He peak positions. The phenomenological function
















This function well describes the structure of the quasi-free reaction of 208Pb(n,p)208Tl at
both 198 and 458 MeV as well as the (π±,π0) reaction for a wide range of targets and
energies [124,125]. We assumed that b in Eq. (4.6) is the threshold channel of the inelastic
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scattering which is lower than the p-3He elastic peaks by the proton separation energy of
3He, Sp = 5.49 MeV. The threshold channels were calculated by the kinematics of p-
3He
scattering. The energy calibration for each light output spectrum of the E counter was
performed by using the elastic scattering peak positions of p-3He for each E counter. The
origin of the calibration was set to the pedestals of each E counter. Here, we assumed
that the relation between the ADC channels and the energies deposited in the E counters
is linear. The deposited energies of scattered protons in the E counters can be calculated
from the kinematics and the energy loss of protons by passing through the glass of the
3He target cell, air and the ∆E counters. In order to estimate the effect of changing the
inelastic distribution due to the energy spread, we performed the folding for the inelastic
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Figure 4.14: Results of the fitting to light output spectra of the E counters for
θlab. = 55
◦, 75◦, 85◦, and 125◦. The red lines are the fitting function, the green lines are the
Gaussian fitted to the p-3He elastic peaks. The inelastic functions and the linear backgrounds are
shown in the blue lines and the dashed lines, respectively. The reduced χ2 values for the fitting
are also shown.
Figure 4.14 shows the results of the fitting to the light output spectra of the E counters.
Using the fitting results, we counted the events of the p–3He elastic scattering in the
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range of ±3σ from the peak centroid of the Gaussian. We also evaluated the background
contribution in the same range by integrating linear functions of the fitting function.
4.3.4 Extraction of Spin Observables
Spin-dependent p-3He scattering cross section with a polarized proton beam and a polarized

















where (dσ/dΩ) denotes the cross section with a polarized beam and a polarized target and
subscript 0 denotes the cross section with unpolarized one. py and p
T
y are the polarization
of the polarized proton beam and the polarized 3He target, respectively. Ay is the proton
analyzing power, A0y is the
3He analyzing power, and Cy,y is the spin correlation coefficient.
Here, we define Y ijk as the yields of left and right detectors for different combinations of

























































































where subscripts i = u, d and j = u, d are the spin directions for the beam and the target,
respectively. subscript k = L,R denotes the left and right detectors. The I denotes the
number of the incident beams, n is the target number density, ϵDAQ is the DAQ efficiency,
and ∆Ω is the solid angle of the detector. We define kij ≡ Y ijk /(I ij ·ϵudDAQ) as the normalized
yields to the number of incident beam particles. The collected beam charge by the Faraday
112
4.3 Data Analysis Chapter 4
cup was used as the number of incident beams and the DAQ efficiency was also used as
the overall efficiency for the detection of scattered protons. For extraction of the spin
observables, we used the average values of the beam and the target polarization for each
run. For the beam polarization py, we used the average value between the spin-up and




y)/2). The difference between the spin-up and spin-down
polarizations were 2.7 % which were considered as a systematic uncertainty. For the 3He
target polarization pTy , we used the average values of the target polarization measured














































































































































We extracted the spin observables by adjoining data runs with the target spin up and down
directions for each detector. The spin observables were obtained as the weighted average
of all over the data runs for each detector.
4.4 Experimental Results
The experimental results of the spin observables are shown with open circles in Fig. 4.15
as a function of the scattering angle of the center of mass system (θc.m.) and tabulated in
Tables 4.5, 4.6, and 4.7 with the statistical errors and the systematic ones. In the figure
the A0y data in Ref. [77] are also presented with green squares.
We estimate the systematic uncertainties of the spin observables came from i) un-
certainties of the beam and target polarization and ii) the false asymmetry. From the
measurement of neutron transmission at RANS described in Chapter 3, we obtained the
target polarization of with an accuracy of 6.2 %. The uncertainties of the proton beam
polarization were estimated to be 2.7 % which evaluated from the difference of the beam
polarization between each spin-mode. The systematic error due to the false asymmetry
was estimated by the measurement that both the beam and the target are unpolarized.




, (i = 1, 2, 3). (4.25)
during the unpolarized runs as the systematic errors from the false asymmetry. We es-
timated the systematic errors of the spin observables as the propagation of these two
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systematic errors. The statistical uncertainties are 0.02 for the proton analyzing power
and 0.03 for the 3He analyzing power, and the systematic uncertainties are estimated to be
0.02 or less for both the analyzing powers. The obtained data of A0y are consistent within
the estimated uncertainties with those taken with a unpolarized proton beam [77]. For the
spin correlation coefficient Cy,y the statistical uncertainties vary 0.01–0.06 depending on
the measured angles, and the systematic uncertainties do not exceed the statistical ones
for almost the measured angles.
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Figure 4.15: Experimental results of the proton analyzing power Ay (top panel) and
3He analyzing
power A0y (middle panel) and spin correlation coefficient Cy,y (bottom panel) for p–
3He elastic
scattering at 100 MeV.
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Table 4.5: Experimental results of the proton analyzing power Ay.









35.0 46.9 0.376 0.003 0.015 0.015 0.002
55.0 71.9 −0.320 0.008 0.013 0.013 0.003
65.0 83.7 −0.438 0.013 0.018 0.017 0.004
75.0 94.9 −0.442 0.019 0.018 0.017 0.005
85.0 105.5 −0.425 0.009 0.017 0.017 0.002
95.0 115.5 −0.258 0.012 0.011 0.010 0.003
105.0 124.8 −0.079 0.018 0.009 0.003 0.008
115.0 133.4 0.202 0.021 0.010 0.008 0.007
125.0 141.6 0.494 0.024 0.021 0.019 0.009
135.0 149.2 0.528 0.019 0.023 0.021 0.011
Table 4.6: Experimental results of the 3He analyzing power A0y.









35.0 46.9 0.057 0.004 0.004 0.001 0.004
55.0 71.9 −0.247 0.011 0.016 0.002 0.016
65.0 83.7 −0.227 0.016 0.015 0.005 0.015
75.0 94.9 −0.176 0.023 0.014 0.009 0.014
85.0 105.5 −0.222 0.012 0.014 0.003 0.014
95.0 115.5 −0.190 0.015 0.014 0.007 0.014
105.0 124.8 −0.087 0.022 0.007 0.004 0.007
115.0 133.4 0.186 0.025 0.015 0.009 0.015
125.0 141.6 0.327 0.025 0.023 0.010 0.023
135.0 149.2 0.233 0.021 0.016 0.006 0.016
Table 4.7: Experimental results of the spin correlation coeeficient Cy,y.









35.0 46.9 0.559 0.009 0.041 0.001 0.041
55.0 71.9 0.246 0.024 0.018 0.003 0.018
65.0 83.7 0.259 0.036 0.020 0.006 0.020
75.0 94.9 0.257 0.052 0.020 0.007 0.020
85.0 105.5 0.253 0.025 0.019 0.003 0.019
95.0 115.5 0.195 0.035 0.015 0.004 0.015
105.0 124.8 0.375 0.048 0.028 0.005 0.028
115.0 133.4 0.644 0.059 0.048 0.008 0.048
125.0 141.6 0.772 0.060 0.058 0.009 0.058




Results of Comparison and
Discussion
5.1 Theoretical Calculations
Theoretical calculations for 4N scattering above the 4N break-up threshold energy are
provided by A. Deltuva et al. [126]. They obtained numerically exact solutions of the
Alt-Grassberger-Sandhas (AGS) equations for 4N transition operators in the momentum-
space partial wave representation [48] including NN waves with total angular momentum
below 4 [48, 49]. In their calculations, the Coulomb force is not taken into account since
the rigorous treatment of the Coulomb force requires the inclusion of much higher partial
waves. Given relatively high energy, it is expected to be significant at small angles up to
θc.m. ∼ 40◦ only.
The calculated results presented in this study are based on a number of realistic NN
potentials: the Argonne v18 (AV18) [8, 127], the CD-Bonn [9], and the INOY04 [13]. The
calculations based on the two semi-local momentum space regularized chiral NN potentials
of the fifth order (N4LO) with the cutoff parameter Λ = 400 MeV/c (SMS400), and
with Λ = 500 MeV/c (SMS500) [35] are also presented. To investigate the effects of the
effective 3N - and 4N -force in the p-3He elastic scattering, the calculations based on the
CD-Bonn+∆ model [27], are presented. As for the calculated results at 100 MeV, the
available calculations based on the INOY04, CD-Bonn, and CD-Bonn+∆ are presented.
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5.2 Comparison of the Experimental Data with The-
oretical Calculations
The measured cross section and the spin observables for p-3He elastic scattering are com-
pared with state of the art calculations of 4N scattering [126]. These data are plotted with
the statistical errors as a function of the c.m. scattering angle θc.m.. We also show the
experimental results of the 3He analyzing power A0y at 70 MeV and the spin correlation
coefficient Cy,y at 65 MeV which have been measured by our group [77,128].
Fig. 5.1 shows the comparison between the experimental results for the cross section and
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Figure 5.1: Angular distributions of the cross section for p-3He elastic scattering at 65 MeV.
Experimental data (solid circles) are compared with the calculations from the solutions of exact
AGS equations [126]. Only statistical errors are indicated. Calculations based on the NN po-
tentials are shown with AV18 (cyan lines), CD-Bonn (black lines), INOY04 (blue lines), SMS400
(magenta lines), and SMS500 (magenta dotted lines). Black dotted lines are calculations based
on the CD Bonn+∆ potential.
potentials underestimate the cross section especially at the backward angles θc.m. ≳ 80◦. It
is also found that there is a large sensitivity of the calculations to the input NN potentials
at the minimum region. The INOY04, which is fitted to reproduce the 3He binding energy,
provides a better description of the data, but it still underestimates the data. In addition,
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∆-isobar contributions in the p-3He elastic scattering, which are estimated by the difference
between the CD-Bonn+∆ and CD-Bonn calculations, are seen to the limited angles θc.m. ≲
110◦. In the Nd elastic scattering, the ∆-isobar effects increase the cross section to reduce
the discrepancy from the data for all over the angles [41].
The results of comparison for the proton analyzing power Ay at 65 and 100 MeV are
presented in Fig. 5.2. The calculated results based on the NN potentials have moderate
agreements with the data both at 65 and 100 MeV. An exception is seen at the angles
θc.m. ∼ 140◦ for 100 MeV where the data are smaller than the calculations. The ∆-isobar
effects predicted by CD-Bonn+∆ are visible at the angles where the Ay takes minimum
and they are larger at 100 MeV than those at 65 MeV. At 100 MeV the CD-Bonn+∆
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Figure 5.2: Angular distributions of the proton analyzing power Ay at 65 MeV and 100 MeV for
p-3He elastic scattering. Only statistical errors are indicated. For the description of the lines see
Fig. 5.1.
Fig. 5.3 shows the results of the 3He analyzing power at 70 and 100 MeV. The data at
70 MeV are taken from Ref. [77]. For both of the incident energies, the calculations based
on the NN potentials are close to each other except for the A0y maximum region at θc.m. ∼
140◦. Large discrepancies between the data and the NN force calculation are clearly seen
at the A0y minimum angles angles θc.m. ∼ 100◦ as well as the A0y maximum angles θc.m. ∼
140◦. The ∆-isobar effects which become larger with increasing an incident energy shift
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Figure 5.3: Angular distributions of the 3He analyzing power A0y at 70 MeV and 100 MeV for
p-3He elastic scattering. Only statistical errors are indicated. For the description of the lines see
Fig. 5.1. The data shown with green squares are taken from Ref. [77].
Fig. 5.4 shows the comparison between the experimental results for the spin correlation
coefficient Cy,y and the theoretical calculations at 65 MeV and 100 MeV. The data for the
spin correlation coefficient Cy,y at 65 MeV are taken from Ref. [128]. For the Cy,y, the
angular dependence looks quite different from that at lower energies [48,49,74]. Although
the obtained data for the spin correlation coefficient Cy,y at 65 MeV are limited, it has
moderate agreement to all the calculations. As can be seen in the figure, large ∆-isobar
effects are predicted at the angles θc.m. = 130
◦–140◦. For the case of 100 MeV, the large ∆-
isobar effects are also predicted at the angles θc.m. = 100
◦–140◦. Surprisingly, the angular
distribution of the obtained data is well described by the CD-Bonn+∆ calculation in
the range of θc.m. = 120
◦–160◦. However, at around θc.m. = 80
◦–120◦, the CD-Bonn+∆
calculation still overestimates the experimental data.
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Figure 5.4: Angular distributions of the spin correlation coefficient Cy,y at 65 MeV and 100 MeV
for p-3He elastic scattering. Only statistical errors are indicated. For the description of the lines
see Fig. 5.1. The data shown with green squares are taken from Ref. [128].
5.3 Discussion
5.3.1 Scaling Relation with 3N Binding Energy
The previous study for the p-3He elastic scattering the lower energy regions (Ep = 7–35
MeV) [48] reported that the calculated results of cross section have scaling relation with the
binding energy (B.E.) of 3He. Inspired by the remarks, we investigated correlations between
the B.E.(3He) and the cross section at 65 MeV which are shown in the panels (a)–(c) of
Fig. 5.5. The calculated cross section at the angles in the minimum region θc.m. = 80
◦–150◦,
which are normalized by the corresponding experimental data, are plotted as a function of
the B.E.(3He). Linear correlations, shown as the red straight lines in the figure, exist for
the calculations based on the NN potentials including the two chiral NN potentials; i.e.
SMS400 and SMS500. From the correlation lines, one can predict the cross section with
a NN potential which reproduces the experimental B.E.(3He). As shown in the figure,
the predictions underestimate the experimental cross section by 20–30 %. Note that the
calculations with the CD Bonn+∆, as for which we will discuss later, are not included for
the fitting of the correlation lines.
To obtain better understanding we studied whether or how scaling relations exist in
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3N scattering. In the panels (d)–(f) of Fig. 5.5, we demonstrate a scaling relation between
the B.E.(3H) and the cross section for the deuteron-proton (d-p) elastic scattering at 70
MeV/nucleon. The calculated results of the cross section at 70 MeV/nucleon normalized
by the experimental data of the d-p elastic scattering [41] are plotted as a function of
the B.E.(3H) [126, 129]. Here the Coulomb interactions are not taken into account in the
calculations. The similar scaling relations also exist in the d-p elastic scattering as seen in
the p-3He scattering. The red straight lines are obtained by fitting the calculated results
based on NN potentials: AV18, CD Bonn, Nijmegen I, II [10], and INOY04. These lines
also enable us to predict the cross section with a NN potential that reproduces the exper-
imental B.E.(3H). The panels (d)–(f) of Fig. 5.5 show that the predictions underestimate
the experimental cross section by 10–20 %. In the panels (d)–(f) of Fig. 5.5, the calcula-
tions taking into account the Tucson-Melbourne’99 2π-exchange 3NF (TM99-3NF) [22] in
which the cutoff parameter is determined to reproduce the experimental B.E.(3H) for each
combined NN potential, i.e. AV18, CD-Bonn, Nijmegen I, and II, are presented [43,129].
In addition, the calculations including an irreducible 3N potential contribution to the CD
Bonn+∆ which reproduces the experimental B.E.(3H), the model U2 of Ref. [29], are also
shown. The calculated results provide good agreements with the experimental data, in-
dicating strong evidence for the need to include the 3NFs. The discrepancy between the
data and the predictions with a NN potential that reproduces the experimental B.E.(3N)
for the p–3He elastic scattering at the cross section minimum angles is similar in size or
even larger than that for the d-p elastic scattering at the similar incident energy. In the
future, it should be interesting to see whether the combinations of 2N and 3N -forces that
give good descriptions of the d-p scattering cross section explain the data for the p-3He
scattering.
An interesting feature found in the above mentioned correlations is that dependence of
the calculated cross section on the B.E.(3N) for the d-p scattering is smaller than that for
the p-3He scattering. It is indicated by the gradients of the correlation lines: ∼ 0.1/MeV
for the d-p scattering and ∼ 0.3/MeV for the p-3He scattering. There is a speculation that
less sensitivity for the d-p elastic cross section is related to dominance of the total 3N spin
S = 3/2 state (quartet state) in the nucleon-deuteron elastic scattering [130]. As for the
neutron-deuteron s-wave scattering length, the quartet state is insensitive to the difference
of NN potentials because of the Pauli principle, which prevents two neutrons to get close
to each other [129, 131]. Therefore it is expected that relatively large dependence seen in
the p-3He elastic cross sections is a reflection of medium- and short-range details of the
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Figure 5.5: Correlations between the 3He binding energy and the cross section for p-3He elastic
scattering at around 65 MeV in the panels (a), (b), and (c); and that between the 3H binding
energy and the cross section for d-p elastic scattering at 70 MeV/nucleon in the panels (d), (e),
and (f). The result of the cross section for each nuclear potential is shown as a ratio to the
corresponding experimental data. The dashed vertical straight lines denote the experimental
binding energy of the 3N . For the scattering data the statistical (systematic) errors are shown
with bars (bands). Correlation lines obtained with the results of the NN potentials are shown
with red lines
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nuclear interactions including 3NFs.
5.3.2 ∆-isobar Effect in p-3He Elastic Scattering
In the following, we discuss the ∆-isobar effects. As shown in the panels (a)–(c) of Fig. 5.5,
the calculations of the CD Bonn+∆ model for the p-3He elastic scattering are off from the
correlation lines at backward angles and move to a direction opposite to the experimental
data. Thus, the ∆-isobar effects do not improve the agreements to the data. Meanwhile,
as shown in the panels (d)–(f) of Fig. 5.5, the calculations of the CD Bonn+∆ model for
the Nd elastic scattering are off from the correlation lines, and the ∆-isobar effects provide
better agreements to the data.
It has been suggested that effective 3N - and 4N -forces due to an excitation of a nucleon
to a ∆-isobar are often partially canceled by ∆-isobar effects of 2N nature, so-called 2N
dispersion [27, 28, 48]. To study ∆-isobar effects more in detail, we have asked Dr. A.
Deltuva the calculation in which the effects of the 2N dispersion, and those of 3N - and
4N -forces are singled out separately like as in Refs. [28, 48]. The results for the cross
sections at 65 MeV are shown in Fig. 5.6 as a ratio to the calculation based on the CD-
Bonn potential. At the minimum angles, large contributions of the ∆-generated 3N - and
4N -forces increase the cross section values. However, together with this, there are strong
dispersive ∆-isobar effects, which are opposite to the 3N - and 4NF effects. As a result,
the net effects of the ∆-isobar are small, and their effects are even reversed significantly
at θc.m. ∼ 140◦. As for the Nd elastic scattering, the dispersive ∆-isobar effects are much
smaller than those of the ∆-generated 3NFs, and then the net contributions of the ∆-isobar
increase the cross section [27,132] as shown in Fig. 5.7.
Since the calculated 3N binding energy with the CD-Bonn+∆ is still smaller than the
experimental values by about 0.2 MeV [27,28], further attractive effects attributed to the
irreducible 3NFs in NNN -NN∆ model space [29] should be considered. It is interesting to
study how such attractive contributions affect on the cross sections for the p-3He scattering
as a future problem.
For the spin correlation coefficient Cy,y, large ∆-isobar effects are predicted both at
65 MeV and 100 MeV as shown in Fig. 5.8. Interestingly, Fig. 5.8 (a) shows that the
predicted ∆-isobar effects are mainly due to the 2N dispersion for Cy,y at 65 MeV although
the measured data do not derive a firm conclusion. At a higher energy 100 MeV larger
∆-isobar effects of ∼ 0.3 in magnitude are predicted at the angles θc.m. ∼ 120◦, while
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Figure 5.6: Effects of the 2N dispersion (blue lines), those of 3N - and 4N -forces (green lines),
and the total ∆-isobar effects (red lines) in the p-3He elastic scattering at 65 MeV are shown as
functions of the c.m. scattering angles for the cross section. The result of each contribution is
shown as a ratio to the calculation based on the CD-Bonn potential.
Figure 5.7: Cross section as function of the scattering angle in the c.m. system for n-d elastic
scattering at 135 MeV. Solid line corresponds to the total ∆-isobar effects, dashed line shows the
purely nucleonic potential, and long-dashed line represents the dispersive effect. The individual ∆-
contribution arising from the dispersive effect is shown as light-shaded area with the long-dashed
limiting line. The ∆-isobar contribution which estimated from dσ/dΩ|N+∆ − dσ/dΩ|dispersive is
shown as dark-shaded area with the solid limiting line. Figure taken from Ref. [133].
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Figure 5.8: Effects of the 2N dispersion (blue lines), those of 3N - and 4N -forces (green lines),
and the total ∆-isobar effects (red lines) are shown as functions of the c.m. scattering angles for
the spin correlation coefficient Cy,y at 65 MeV in the panel (a). ∆-isobar effects (red lines) for
the spin correlation coefficient Cy,y at 100 MeV are shown in the panel (b). The differences from
the calculation of the CD-Bonn potential are presented.
those are about 0.2 at 65 MeV. Angular dependencies of the experimental data for the
Cy,y at 100 MeV are mostly explained by taking into account ∆-isobar effects, although
the data are still off by ∼0.1 from the calculation with the ∆-isobar effects. This feature
is quite different from those of the other measured observables. For further discussion for
the results of 100 MeV decomposition of ∆-isobar effects like as performed for 65 MeV
are needed. The obtained results indicate that the spin correlation coefficient Cy,y is a




One of the most important topics of nuclear physics is to understand properties of nuclei
from the bare nuclear interactions. Owing to the establishment of a number of high-
precision realistic Nucleon-Nucleon (NN) potentials and remarkable progress in the theo-
retical calculations of few-nucleon systems, it has been suggested that three-nucleon forces
(3NFs) play important roles for various nuclear phenomena such as binding energies of
light mass nuclei, nuclear matter properties, and few-nucleon scattering.
In order to study the properties of 3NFs, the nucleon-deuteron (Nd) scattering exper-
iments have been performed at intermediate energies (E ≳ 60 MeV/nucleon). Comparing
the high-precision data sets with the rigorous numerical calculations in terms of Faddeev
theory based on the realistic NN potentials, clear evidence of the 3NF effects in 3N
scattering system was found at the cross section minimum of d-p elastic scattering.
In recent years, much attention has been devoted to the 3NF effects in a system of
4N -scattering. This system, e.g. p-3He scattering, is the simplest one for investigating
nuclear interactions in the 3N subsystems with the total isospin T = 3/2. The importance
of T = 3/2 3N state was suggested in various nuclear phenomena, e.g. neutron-rich
nuclei and pure neutron matters. Nowadays, calculations in the framework of the Alt-
Grassberger-Sandhas (AGS) equation are becoming available using various realistic NN
potentials for 4N scattering system at intermediate energies.
Currently it is the very beginning of investigation of p-3He elastic scattering at interme-
diate energies in view of pinning down signatures of 3NFs in comparison with the rigorous
numerical 4N calculations. High precision data sets including differential cross sections,
analyzing powers, and spin correlation coefficients for p-3He scattering are needed.
In this study, we performed measurements of p-3He elastic scattering at intermediate
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energies ; the measurement of cross section and proton analyzing power Ay at 65 MeV,
and the measurement of the proton analyzing power Ay,
3He analyzing power A0y, and the
spin correlation coefficient Cy,y at 100 MeV.
The measurement of the cross section and the proton analyzing power Ay at 65 MeV
was performed using a polarized proton beam and a gaseous 3He target system at the
WS beamline of the Ring Cyclotron Facility of RCNP, Osaka University. The data were
taken in a wide angular range of θc.m. = 26.9
◦–170.1◦. For the cross section the statistical
error is better than ± 2 % and the systematic uncertainties are estimated to be 3 % at
most. The absolute values of the cross section were deduced by normalizing the data to
the p-p elastic scattering cross section given by the phase-shift analysis program SAID.
For the proton analyzing power Ay, the statistical uncertainties were 0.02 or less and the
systematic uncertainties were 0.02 at most.
In order to extend the measurements to the spin observables including the spin corre-
lation coefficient, we have developed the polarized 3He target system. We constructed a
polarized 3He target cell based on AH-SEOP method which enables one to achieve a high
polarization. We measured the 3He polarization by the AFP-NMR method in combination
with the alkali-metal EPR method. To obtain the absolute value of 3He polarization of
the target chamber, we also performed the neutron transmission measurement which offers
direct measurement of the 3He polarization in the target chamber at RANS, RIKEN. From
these measurements, the 3He target polarization was determined with an accuracy of 6.2
%. The maximum 3He polarization was 40 % for the Ishibashi cell.
The measurement of the spin correlation coefficient Cy,y as well as the proton and
3He analyzing powers at 100 MeV was performed at the ENN beamline of RCNP. We
newly installed the polarized 3He target and detector system as well as the beam line
polarimeter for this experiment. We obtained the experimental data at the angles of θc.m. =
46.9◦ – 149.2◦. Statistical uncertainties are less than 0.02 for the proton analyzing power
Ay and less than 0.03 for the
3He analyzing power A0y and the systematic uncertainties
are estimated to be 0.02 or less for both the analyzing powers. For the spin correlation
coefficient Cy,y, statistical uncertainties vary 0.01–0.06 depending on the measured angles,
and the systematic errors do not exceed the statistical ones for almost the measured angles.
The data are compared with the rigorous 4N -scattering calculations based on various
realistic NN nuclear potentials without the Coulomb force. Clear discrepancies have been
found for some of the measured observables, especially in the angular regime around the
cross section minimum. Linear correlations exist between the calculations of the 3He bind-
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ing energy and those of the cross section, which enables us to predict the cross section
with a NN potential that reproduces B.E.(3He). Predicted values of the cross section at
the minimum region clearly underestimate the data. The similar tendency is obtained in
the Nd elastic scattering, for which discrepancies are explained by incorporating 3NFs.
The NN potential dependence for the cross section in the p-3He scattering is found to be
larger than that in the d-p elastic scattering, which could allow us to anticipate a wealth of
information on the nuclear interactions from further investigation of the p-3He scattering
at these energies.
The ∆-isobar effects in the p-3He observables are estimated by the NN +N∆ coupled-
channel approach. They do not always remedy the difference between the data and the
calculations based on the NN potentials. In the case of the cross section, large contribu-
tions of the effective 3N - and 4N -forces are canceled by the dispersive ∆-isobar effects,
that leads to the rather small ∆-isobar effects. The results are in contrast to those in
the d-p scattering, where the cancellation occurs only partially. Since this approach is
still missing to reproduce the 3N binding energies, further developments based on this
approach, e.g. the irreducible 3N potential combined with the NN+N∆ model, are ex-
pected. For the spin correlation coefficient Cy,y a large ∆-isobar effects are predicted. The
angular dependence of the data for the Cy,y at 100 MeV is mostly explained by taking into
account ∆-isobar effects. These results indicate that the spin correlation coefficient Cy,y is
a prominent observable to investigate the ∆-isobar effects in p-3He elastic scattering.
From these obtained results we conclude that the p-3He elastic scattering at interme-
diate energies is an excellent tool to explore the nuclear interactions including 3NFs that
could not be accessible by the 3N scattering. Recent study of the ChEFT nuclear potentials
intends to use the d-p scattering data at intermediate energies to derive the higher-order
3NFs. It would be interesting to see how the predictions with such 3NFs explain the data
for the p-3He elastic scattering, that will enable us to perform detailed discussions of the
effects of 3NFs including the isospin channels of T = 3/2.
Finally we note that the obtained data are the first precise data set of the cross section
and spin observables including the spin correlation coefficient for p-3He elastic scattering at
intermediate energies. The data presented here provide important sources for quantitative
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